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In March, 1978, a Stirling engine devel- 
opment contract, sponsored by the Depart- 
ment of Energy and administered by NASA/ 
Lewis Research Center, was awarded to 
Mechanical Technology Incorporated (MTI) 
for the purpose of developing an automo- 
tive Stirling engine and transferring 
Stirling engine technology to the United 
States. The program team consists of MTI 
as prime contractor, contributing their 
program management, development, and 
technology-transfer expertise; United 
Stirling of Sweden (USAB) as major 
subcontractor for Stirling engine devel- 
opment; and AM General (AMG) as the major 
subcontractor for engine/vehicle 
integration. 

Most Stirling engine technology previ- 
ously resided outside of the United 
States, and was demonstrated for station- 
ary and marine applications; therefore, 
the Automotive Stirling Engine (ASE) 
Development Program was directed at the 
establishment and demonstration of a base 
of Stirling engine technology for automo- 
tive application by September, 1984. The 
high-efficiency, raultlfuel capability, 
low-emissions, and low-noise potential 
of the Stirling engine make it a prime 
candidate for an alternative automotive 
propulsion system. 

ASE Program logic called for the design 
of a Reference engine to serve as a focal 
point for all component, subsystem, and 
system development within the program. 
The Reference Engine System Design 
(RESD) , defined as the best-engine design 
generated at any given time within the 
program that will provide the highest 
possible fuel economy and meet or exceed 
all other program objectives, utilizes 
all new technologies that are reasonably 
expected to be developed by 1984, and 
that are judged to provide significant 
improvements relative to the risk and 
cost of their development. 

The Mod I and Mod II engines are exper- 
imental versions of the RESD. The Mod I 
was the first engine design that used ex- 
isting technologies embodied in USAB ' s 
P-40 and P-75 engines. The Mod II 
(slated to be designed based on the RESD, 
the Mod I, and component development 
improvements) is an engine design 


directed toward meeting the final ASE 
Program objectives. 

In March, 1981, the RESD was updated to 
predict a combined mileage of 41.1 mpg on 
unleaded gasoline (55% above projected 
Internal-combustion-ongino mileage) for 
a 1984 X-body vehicle with a curb weight 
of 2870 pounds; however, because of Gov- 
ernment funding cutbacks, the Mod II 
design and associated development ef- 
forts were never started, making the Mod 
1 the only experimental engine in the ASE 
Program. 

Since the Mod II would not bo designed, 
if was reasoned that the Mod I could be 
used to develop and demonstrate RESD 
technology through a series of design 
upgrades, i.o., it would be more 
cost-effective to use existing Mod I 
hardware than to design and build an en- 
tirely new set of Mod II engine hardware; 
as a result, the "Proof-of -Concept" logic 
evolved. 

Mod I engine hardware is to be used to 
"prove" the designs and technologies em- 
bodied in the RESD. In order to prove 
the RESD concepts, the necessity of con- 
ducting two upgraded designs of the Mod I 
was recognized. These two upgraded ver- 
sions were identified as the Mod I-A and 
Mod I-B. Inherent limitations were also 
recognized in the proof-of-concept since 
Mod I hardware was larger, and of a fun- 
damentally different design than RESD and 
Mod II hardware. 

During the past six months, the ASE Pro- 
gram directed its resources primarily 
toward the characterization of Mod I en- 
gines, completion of the design of the 
Mod I-A engine systems, and component de- 
velopment/design substantiation. Effort 
was also directed toward updating the 
RESD design in order to reduce its cost 
and improve its reliability. 

The four current ASE Mod I engines have 
accumulated a total of 1700 test hours. 
The U.S. A. -manufactured/assembled Mod I 
accumulated 217 hours in just four 
months, while the engine installed in the 
AMC Lerma vehicle has accomplished over 
200 starts and over 120 hours of tran- 
sient operation. 
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Since the inception of the ASE Program in 
1978, 13 Quarterly Technical Progress Re- 
ports have been issued under NASA Con- 
tract No. DEN3-32, "Automotive Stirling 
Engine Development Programj" however, 
reporting was changed to a semiannual 
format in July, 1981. This report, the 
third Semiannual Technical Progress vo- 
port issued under the coiitract, and 
covering the period of July 1 to December 
31, 1982, includes technical progress on- 
ly. Although the program has been 
modified to a proof -of-concept format, 
the objectives described below still ap- 
ply to the RESD. The upgraded versions 
of the Mod I engines are not, however, 
required to demonstrate all these hard- 
ware objectives. 

Overall Program Objectives 

The overall objective of the ASE Program 
is to develop an automotive Stirling En- 
gine System (SES) by September, 1984 
which, when installed in a late-model 
production vehicle, will: 

• demonstrate at least a 30% im- 
provement in combined metro/ 
highway fuel economy over that of 
a comparable spark-ignition, en- 
gine-powered production vehicle, 
based on EPA test procedures*; 
and, 

• show the potential for emissions 
levels less than; NOx =0.4 g/mi, 

HC = 0,41 g/mi, CO = 3.4 g/mi, and 
a total particulate level of 0.2 
g/mi after 50,000 miles, 

In addition to the above objectives, 
which are to be demonstrated quantita- 
tively, the following system design ob- 
jectives are also considered: 

• ability to use a broad range of 
liquid fuels from many sources, 
including coal and shale oil; 

• reliability and life comparable to 
current -market powertrains, 

• a competitive initial cost and 
life-cycle cost comparable to a 


conventionally powered automotive 
vehicle; 

• acceleration suitable for safety 
and consumer considerations j and, 

• noisc/safety characteristics that 
meet the currently legislated or 
projected Federal Standards for 
1984. 

Major Task Descriptions 

The overall objectives of the major pro- 
gram tasks are described below as modi- 
fied for the proof-of-concopt program: 

Task 1 - Reference Engine - This task. 
Intended to guide component, subsystem, 
and engine system development, involves 
the establishment and contirual updating 
of an RESD, which will be the best engine 
design that can be generated at any given 
time, and that can provide the highest 
possible fuel economy while meeting or 
exceeding other final program 
objectives. The engine will be designed 
for the requirements of a projected ref- 
erence vehicle that will be 

representative of the class of vehicles 
for which it might first be produced, and 
it will utilize all now technology (ex- 
pected to be developed by 1984) tlaat is 
judged to provide significant improve- 
ment relative to the risk and cost of its 
development. 

Task 2 - Component/Technology Develop- 

men t - Guided by RESD activities, this 
tahk will be conducted in support of var- 
ious Stirling engine systems, and will 
include conceptual and detailed 
design/analyses, hardware fabrication 
and assembly, and component/subsystem 
testing in laboratory test rigs. When an 
adequate performance level has been dem- 
onstrated, the component and/or 
subsystem design will be configured for 
in-engine testing and evaluation in on 
appropriate engine dynamometer/vehicle 
test installation. The component devel- 
opment tasks, directed at advancing 
engine technology in terms of 

durability/roliability , performance, 
cost, and manufacturability, will 


*Automotive Stirling and spark- ignition engine systems will be installed in Identical 
model vehicles that will give the same overall vehicle driveability and performance. 
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include work In the areas of combustion, 
heat exchangers, materials, seals, 
engine drivetrain, controls, and 
auxiliaries. 


Task 3 - Technology Familiarization 
Biymne l^lneT ~ 

P-40 StiHIng^ngino will be used is a 
baseline for familiarization, as & test 
bed for component/subsystom performance 
Improvement, to evaluate current engine 
operating conditions/componont charae- 
toristics, and to define problems 
associated with vehicle installation. 
Three P-40 engines will bo built and de- 
livered to the United States' team 
members; one will be Installed in a 1979 
AMG Spirit. A fourth P-40 engine will be 
built and installed in a 1977 Opel sedan 
for testing in Sweden. The baseline P-40 
engines will be tested in dynamometer 
test cells and in the automobiles. Test 
facilities will bo planned and 
constructed at MTI to accommodate the en- 
gine test program and required technology 
development, 


Task 4 - Mod I Engi ne - A first gener- 
ation automotive St'irTlng engine (Mod I) 
will be developed using USAD P-40 and 
1-75 engine technology as an initial 
baseline upon which improvements will be 
made. The prime objective will be to in- 
crease power density and overall engine 
performance. The Mod I engine will also 
represent an early experimental version 
of the RESD, but will be limited by the 
technology that can be confirmed in the 
time available. The Mod I need not 
achieve any specific fuel economy im- 
provements. It will be utilized to 
verify concepts Incorporated in the RESD, 
and to serve as a stepping stone toward 
the Mod II engine, thus providing an ear- 
ly indication of the potential to meet 
the final ASE Program objectives. 


Three engines will be manufactured in 
Sweden and tested in dynamometer test 
cells to establish their performance, 
durability, and reliability, Continued 
testing and development may be necessary 
to meet preliminary design performance 
predictions . One additional Mod I engine 
will be manufactured, assembled, and 
tasted in the United States, 


A production vehicle will bo procured and 
modified Vo accept one of the above en- 
gines for Installation. Tests will be 
conducted under various steady-state, 
transient, and environmental conditions 
to establish engine-related drive- 
ability, fuel economy, noise, emissions, 
and durablllty/rollability, 

The Mod I r>ngino Will bo upgraded througli 
design improvements to provide a 
"proof-of-concopt" demonstration of se- 
lected advanced components defined for 
the RESD, Two upgraded versions of the 
Mod I (Mod I-A and Mod I-B) will bo con- 
ducted. 

Task 5 - Mod II Engine - Deleted from the 
program. 

Task 6,, - Prototype Study - Deleted f’*om 
the program. 

Ta sk, 7 - Comnuter Program Dovolopm ent - 
Anoint icin'*too Is** f be” deve loped’ tirat 
are required to simulate and predict on- 
gine performance. This .effort will in- 
clude the development of a computer 
program specifically tailored to predict 
SES steady-state cyclical performance 
over the complete range of engine oper- 
ations. Using data from component, 
subsystem, and engine system test activ- 
ities, the program will be continuously 
improved and verified throughout the 
course of the program. 

Task 8 - Technical Assista nce - Technical 
assistance will be provided to the Gov- 
ernment as requested. 

Task 9 - Program Management - Work under 
this tag will*^provide total program con- 
trol, administration, and management, 
including reports, schedules, financial 
activities, test plans, meetings, re- 
views, and technology transfer. 

Program Schedule 

A current schedule of the major mile- 
stones for the ASE Program is presented 
on the following page. 
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Program Status and Plans 

A sumnmry of tho nccompU.^hmonts iut'^ovod 
in iho ASE Program during thin semiannual 
report period are presented in the fol- 
lowing seat ions. 

TBGHNOLQGy DEVELOPMENT 

Development of a dual-orifice Dolavun 
fuel nor.xle continues. Tests in the Com- 
bustion Performance Rig were completed, 
showing acceptable emissions levels and 
temperature profiles In an OKhaust ga.s 
recirculation (EGR) combustor. Hardware 
has boon fabricated and l.s being assem- 
bled for full engine testing to evaluate 
transient charaeterislies of the noaale. 

Development of two alternate regenerator 
materials continues. Mod I engine-siao 
regenerators manufactured from Mete.K 
were installed in engine No. 10 for eval- 
uation. Performance is eKpeetod to be 
slightly reduced; however, manufactured 
GOvSt of Metex is of the current de- 
sign (uses sintered mesh screen). The 
second alternate material is a silicon 
carbide (SiG) foam commercially called 
Duoccl. Early rig tost data show effi- 
ciencies equal to or better than sintered 
screen mesh at -10% of the cost of the 
current design. Material samples are 
currently undergoing durability testing 
in a rig; engine testing Is scheduled. 


Development of a ceramic preheater has 
been Initialed. lUg tests of have been 
initiated on two tost samples received 
from Goor.s to determine heat- transfer and 
prossurn-drop characteristics for vari- 
ous airflow rates. Durability tests, 
which will simulate cold-start tran- 
sients, will bo conducted to establish 
the affect of rapid Increases in toraper- 
aturo on the life of the snmple.s. 

As a result of an extensive review of 
main seal roliabllity/durability, new 
jirocedures have been instituted through- 
out the jjrogram. An assembly procedure 
has been put into offoct to ensure that 
seals are installed in a wet conditio' % 
Specific dimensional data and weight will 
bo recorded before and after seals are 
installed in an engine. 

Three P-AO engines have been assigned for 
test to provide statistical data on the 
life of Pumping Leningrader (PL) seals. 
These engines have been modified to ex- 
actly duplicate the Mod I PL seal c.xcept 
for stroke. Each engine will be tested 
according to a prescribed duty cycle to 
properly simulate cold starts and 
high-pressure/velocity environments , 
When each sot of seals complotos 500 
hours of testing, they will be replaced 
by a new set. 
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As shown in Figure 1^1, P-40 engine No. 4 
is currently testing a second sot of PL 
seals after a first sot completed the re- 
quired 500-hour test, ?-40 engine No, 9 
has a sot of seals under test, while en- 
gine No, 5 has yet to begin testing. 

The Lightweight Ueducod Friction Drive, 
which utilizes lightweight crankshafts 
and rolling-element bearings, has been 
assembled, and its initial functional 
checkout has begun. This bearing design 
permits full initialization of the 
low-rpm/high-torque capability of the 
Stirling engine, and provides a 2-kW 
(2,7-hp) reduction in parasitic 
friction. This drive configuration will 
also reduce cold-start penalty because cf 
reduced viscous friction at start-up. 


MOD I ENGINE TEST PROGRAM 

Four ASE Mod I engines are currently un- 
dergoing testing. As shown in Figure 
1-2, a total of 1700 test hours have been 
accumulated to date, Engines No. 1, 2, ^ 
and 3 were procured and assembled at « 
USAB, whereas engine No. 10 was manufac- 
tured in the U.S. and assembled at MTI. 
The number 10 was assigned to the 
MTI-assembled engine to Identify it from ;; 
the European-manufacturod/USAB-assembled i: 
engines (Nos. 1, 2, and 3), The manufac- ' 
ture, assembly, and tost of engine No, 10 , 
marked a distinct demonstration of the ii 
level of Stirllng-engine technology i 
transfer to the U.S. During the procure- , 
ment phase for engine No. 10, more than 
30 U.S. vendors participated. 



1-4 


































taoo 



After an acceptance test with a new dig- 
ital con*:,fol, engine No. 1 was shipped to 
AM Geru^Vf-t* in early February for instal- 
liitioi? in a Lerma vehicle designed to 
serve as a transient test bed (TTB). 
This installation, completed by the end 
of May when initial testing began, helped 
to achieve a major program milestone by 
allowing the transient characteristics 
of the Mod I engine to be evaluated and 
accomplished on schedule by the end of 
September, 1982, As of the end of Decem- 
ber, 1982, engine No, 1 had accumulated a 
total of 644 tost hours, 

Three separate Constant Volume Sampling 
(CVS) tests were conducted on the TTB. 
Results showed repeatability and fuel 
economy consistent with predictions. IIC 
and CO emissions levels met program 
goals; NOx emission levels also compared 
favorably with predicted levels, 


The EGR system used in the current Mod I 
gives NOx levels above the program goal 
of 0,4 g/mi. With further combustion 
system development in the Mod I-A engine, 
this goal will be met by virtue of the 
higher mileage predicted for the RESD as 
compared to the Mod I mileage. 

Engine No. 2 has remained at USAB, where 
it completed a series of development 
tests and accumulated a total of 528 tost 
hours. This engine was assembled ini- 
tially as a Basic Stirling Engine* (BSE), 
thus providing the capability of measur- 
ing engine power and efficiency without 
the interference of auxiliary system 
losses. Engine No. 2 was tested to eval- 
uate an EGR combustor system, and then 
reconfigured as a Stirling Engine 
System** (SES), Data obtained from this 
testing provide back-to-back comparisons 
of B.SE/SES power and efficiency losses. 


*complete engine less auxiliaries 
**complete engine with auxiliaries 
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Engine No, 3, currentJy being reassembled 
at USAB to begin a 2000 -hour endurance 
test program, has accumulated a total oC 
300 test hours to date. 

Engine No, 10 began testing at MTI in 
August, 1982, successfully passing ac- 
ceptance testing in early November. Pow- 
er and efficiency were above the average 
of engines No. 1, 2, and 3. To date, en- 
gine No. 10 has accumulated 228 tect 
hours. Important test data have been ob- 
tained from this engine on back-to-back 
comparisons of combustion gas recircu- 
lation (CGR) and EGR combustor systems, 
improved air/fuel system components, and 
development of a Digital Engine Control. 

MOD I ENGINE CHARACTERIZATION/ ANALYSIS 

Figure 1-3 shows power characteristics 
for the engines tested to date in the Mod 
I development program; for the sake of 
clarity, only the 15- and 5- MPa mean 
charge pressure levels are included. The 
J5-MPa performance curve represents the 
maximum available power level, while the 
5-MPa data provides performance indi- 
cations at average operating conditions 
in a vehicle system. 



Encine Speed (rpm) 


Figure 1-3 Mod I Stirling Engine Net Power 


Total ongine-to-englne power variation ^ 
was less than 2 kW (less than 2,7 hp) at ] 
all power lev sis; the maximum power level | 
demonstrated .^y all engines also exceeded " 
the minimum level established as final f 
acceptance criteria. Figure 1-4 shows jj 
the efficiency levels attained during Mod Jj 
I engine tasting. In comparison to power r 
variations, the variation in efficiency ' 
levels from engine to engine was greater. II 



Engine Speed (rpm) 


Figure 1-4 Mod I Stirling Engine Net Efficiency 

!! 

■I 

Engine No. 1 showed the most significant ;| 
deviation in efficiency level during fi- i- 
nal acceptance testing at USAB. Although i* 
the reason for this variation is not com- li 
pletely understood at this time, three f 
contrlt)uting factors serve to qualita- Ij 
tlvely explain the higher efficiency li 
level of engine No. 1: ji 

• This engine ran with the initial (| 
version of the CGR combustor, for 
which higher temperature spreads :| 
were measured on the heater head Ij 
tubes and the working gas temper- ji 
ature. Although measured average i| 

heater head temperature level was S| 

maintained equal to that used dur- ii 
ing other engine testing, the I 
actual effective working gas tern- i 
perature may have been higher than ; 

i 
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indicated because of the incom- 
plete temperature coverage on the 
heater head, 

• Following steady-state acceptance 
testing, transient tests indi- 
cated the desirability of modifi- 
cations to achieve more rapid 
changes in engine power during 
deceleration, This effect was 
achieved by enlarging the inter- 
nal lines loading to the working 
gas removal system, thus increas- 
ing dead volume in the engine cold 
space, and resulting in a lower 
steady-state efficiency level. 
(All other engines hove since in- 
corporated the enlarged internal 
lines, as did engine No. 1 for its 
testing at MTl and for the Lcrma 
rrB installation.) 

• During final acceptance testing, 
engine performance may have been 
affected by warped spacer rings 
above the regenerators, causing 
changes in hot-space dead volume, 
and altering flow distribution 
through the regenerator. 

Engine No. 10, which was configured with 
a CGR combustor system, showed efficiency 
levels higher than engines No. 2 and 3, 
but not to the levels tc.stod earlier in 
engine No. 1 which, when tested at MIT, 
utilized an EGR combustor, enlarged in- 
ternal linos, and nonwarped spacer rings. 
It should be noted that performance of 
the engine in this configuration agrees 
very w^ll with that demonstrated by en- 
gines 2 and 3. Furthermore, efficiency 
levels of all engines mot or exceeded 
those established as acceptance 
criteria. 

During initial testing of engine No. 1 
with a CGR combustor (Figure 1-5), high 
heater head temperature spreads wore en- 
countered. Duo to the rigid construction 
of the CGR combustor, warping of com- 
bustor mounting and sealing hardwai^e was 
also encountered during rapid thermal 
transients of engine starts; therefore, a 


conclusion was reached that further CGR 
development was required, and EGR com- 
bustors would servo as interim combustors 
for the Mod I engine. As shown in Figure 
1-5, heater head temperature spread is 
drastically reduced with the EGR 
combustor. 



Figure 1-5 EGR/CGR Heater Head Temperature 
Spread 


Testing of an EGR system for the Mod I 
engine was accomplished during this semi- 
annual report period using two engines 
to establish and verify an optimum EGR 
schedule for providing acceptable emis- 
slcrs control and engine porformanco. 
Rcrformanco impact of the selected EGR 
schedule is shov^?n in Figures 1-6 and 1-7, 
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Flguro 1-6 illustrates the degradation of 
engine power with increasing amounts ol 
EGR (the selected EGR schedule is super- 
imposed on this curve, showing a negligi- 
ble affect on power level). Similarly, 
Figure 1-7 shows engine net efficiency 
degradation with increasing EGR, includ- 
ing the selected EGR schedule. EGR 
impact at the ma.Himum efficiency point in 
small (0.3 percentage points) and, at the 
average operating point (AGP) , shows an 
officioncy degradation of 0.5 porcontage 
points, A comparison of FGR and CGK 
combustor omissions characteristics 
showed a decrease in CO emissions, and on 
increase in NOx omissions; HC emi.sslons 
wore negligible with both combustors. 

As Illustrated on Figure 1-8, the EGR 
system provides Improved CO omissions 
cl’nractoristics at the higher fuel flow 
rates. The NOx comparison (Figure 1-9) 
shows that omissions are higher with the 
EGR combustor than with the CGR 
combus tor , 



Figure 1-b Effect of EGR on Power (15 MPa) 
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nyattjma. Pcsi'fomancii improvements real* 
ised through this development process can 
be measured by improvements in vehicle 
fuel economy 5 hence, an Initial TOJ mile* 
ago evaluat ion waa established to provide 
a baHellno for testing, and extensive 
doGUittentation waa acquired to euable ns* 
sessmeut of any system changes, Pltst, 
engine No, 1 was fully character ixod in 
MTl's lest facility prior to installation 
ill the herma 'ITU, Kmissions and standard 
engine performance data were recordeni and 
utlllHed to provide baseline engine maps 
for computer code assessment of vehicle 
mileage and coatparison to any engine mod* 
ificaiious accomplished during 
development . Uingine charncterixation 
will he repeated In the event that 
significant tuirdware modifications are 
Incorporated. 1 


MOD 1 TRANSIENT TSBT Wld) Ft)El. EddNt^MY 


Mod I Engine No. I Is vledicnted to the 
development of transient systems wltiiin 
the ASE Program. To provide tills caps* 
bllity, the engine has been installed In 
an AMt) herma TTU for opt imlKa Lion of en* 
glne/vehicle ays tern characteristics and 
development of the various engine cc^Hrol 


Following characterinatlou and installa* 
t- ton, hiiseline GVS tests were accom* 
pH. shed, and analytical mileage 
projections were established utiliniug 
MTHs vehicle simulation code. Three 
separate tests, each consisting of a 
cold"Start urban and highway c 5 Tle, were 
coudueled. Test results to date, along 
with project ions, are shown in Table 1*1. 
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urtMA vtsmeuE test data 
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HlgliMiay 

Combined 


HC 

CO 

NO, 

Mileage 
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Excellent agreement with projections, 
including both mileage and NOx emissions 
levels, has been achieved. The data re- 
peatability for the three runs was excel- 
lent, with a standard deviation in 
mileage of 1-2%, 

The progress of the ASE Program, as meas- 
ured by this baseline testing, is shown 
in Figure 1-10, A direct comparison oE 
as -recorded fuel economy between Mod I 
data and previous P-40 vehicle data are 
invftiiid due to the differences in test 
weights and power-to-woight ratios for 
the three vehicles; accordingly, the 
P-40-powerod vehicles have been analyt- 
ically adjusted in Figure 1-10 to show 
performance that would result at the same 
power-to-weight ratios and test weights , 
As adjusted. Mod I baseline testing 
represents a 50 and 26% mileage improve- 
ment over the P-40 Opel and Spirit 
vehicles, respectively. 


MOD I -A ENGINE PERFORMANCE 

The Mod I -A engine design is aimed at 
providing improved porformanco levels 
relative to the Mod I, and continued 
proof-of-concept demonstration of the 
KESD, a projected advanced ASE design, 

One goal of the RESD, and therefore the 
Mod I-A, is the use of low-cost materials 
void of strategic elements. Design of 
the Mod I-A using nonstrategic materials 
in the heater head was a major step to- 
ward achieving this goal. The Mod I-A 
cylinder and regenerator housings would 
bo cast from XF-818 (an iron-based 
material) rather than from the 
cobalt-based alloy HS-31 used in the cur- 
rent Mod I design. Tube material was 
changed from the cobalt-based alloy N155 
Multimet to CG-27. Table 1-2 compares 
the dramatic reduction in the use of 
strategic materials in the Mod I-A design 
to that of the current Mod I, 
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TABLE 1-2 

REDUCTION IN STRATEGIC ELEMENTS 
IN MOD I-A DESIGN 



tr'traleglc 

Element 

Mod 1 

Mod I-A 

Cobalt 

Chromium 

22.4 lb 

36.4 lb 

23.2 lb 


laiMo 


In addition to the normal design goal of 
Improved cycle efficiency, the Mod I-A 
design effort is addressing the energy 
consumption losses determined by Mod I 
Lerma system testing. Table 1-3 summa- 
rizes the analytically projected 
improvements in the Mod I-A engine, and 
compares them to current analytical 
modelling of the Mod I engine. 
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TABLE 1-3 

PERFORMANCE PROJECTION 
MOD l-A 8TIRUN0 CNOMC SVtTEM 


OpM«il<Hi C.Kttflton 

PaiaiMtor 

Mo8|.A 

A fcaMModl 

IS MPa 
4000 rpm 
|Ma«lmuin Powaf) 

Nat Powaf 
Nal EWciancy 

«0.2«liW 

!N.0H 

*10.2 liW 
*2.7 pi 

IS MPa 
ISOO rpm 

(Maxlmun) Elllclancy) 

Nal ENIolanoy 

40.76H 

*307 pi 

6 MPa 
2000 tpin 

lAvafaga Oparatlng Point) 

Nat Powar 
Not ENiclancy 

12.67 hW 
33.04H 

*2,43 kW 
*4.BS pi 


Spaclllo Waifllit 
Ka/ltW 
Ib/hp 

4.4 

7,3 

-24% 


Several design changes (see Table 1-4) 
contributing to these maximum power and 
efficiency level improvements include: 

• increased set temperature to pro- 
vide improved cycle efficiency; 

• redesign of heater head and regen- 
erator to achieve improved casta- 
bility and more optimum part- 
power performance with minimal 
affect on maximum engine power 
output ; 

• the incorporation of a rolling- 
element bearing drive unit and im- 
proved seal design to decrease 
friction losses; and, 

• incorporation of a new fuel nozzle 
system to eliminate air-atomizer 
compressor and associated power 
loss . 


TABLE 1-4 

MAJOR IMPROVEMENT AREAS 
MOD l-A STIDLINa ENGINE SYSTEM 


Chanoa 

^Maalmum Net Power 

AMsikmim Nel T) 

' Increased Set TempOralure 
(720* -* 820‘C) 

+7 

+1.0% PI 

Pari Power Opilmizailon 

-2 

*1.0% pi 

Decroased Faction Lobsos 

.1.2 

*0.7% pi 

Ellmlnallon of Atomizer Air 
Compressor 

*0.5 

*0.3% pi 


In addition to these steady-state per- 
formance Improvements, a reduction in 
cold-start penalty is projected as a re- 
sult of the lighter -weight, redesigned 
heater head and External Heat System. A 
17% reduction in stored heat (translates 
to a 0.5 mpg urban mileage improvement) 
is expected to be achdeved with the Mod 
I-A design. The overall projection for 
the Mod I-A engine is that combined fuel 
economy will improve '-3 mpg, or 13% rela- 
tive to the current Mod I system. 

Design of the Mod I-A has been completed, 
and hardware procured, Currently, two 
engines are undergoing assembly for dem- 
onstration testing in early 1983. 

REFERENCE ENGINE SYSTEM DESIGN (RESD) 

As stated earlier, the RESD is defined as 
the best engine design that can be gener- 
ated at any given time that can provide 
the highest possible fuel economy while 
meeting or exceeding other final ASE Pro- 
gram objectives, One of these objectives 
is a competitive manufacturing cost, A 
value-engineering design effort was ini- 
tiated on the RESD that emphasized the 
need for a manufacturing cost reduction. 
All proposed design changes were evalu- 
ated against the baseline cost 
established from the study. The follow- 
ing material substitutions reduced the 
cost of specific RESD components : 

• heater head tube material changed 
from Inconel 625 to iron-base 
CG-27; 

• gas cooler tube material changed 
from stainless steel to 
phosphate-coated carbon steel; 
and, 

• preheater matrix material changed 
from Sandvik 253MA to Armco 12SR 
or 18SR, 

Further, several design concepts were in- 
corporated to reduce the RESD manufactur- 
ing cost: 

• one-piece, equal-angle, cast-iron 
V-block; 

• perforated plate-gas cooler; 
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• one-piece piston dome and rod as- 
sembly; and, 

• balance shaft elimination* 

Table 1-5 summarizes the manufacturing 
cost reductions associated with each of 
those concepts* 


T«bl» 1-5 

MANUFACTURING COST REDUCTIONS 


MdwM 

Otalflii CtiMifM 


Total Coal 

HadMilon 

H««lnt Tub* 


Ont-Pi»ei V'Uock 

125 


Oai Cool«< 

202 

Oai Coolar ConNgiiritlon 

21 


Malrli 

24 

Plilon Dmiw t Hod AiMmU/ 21 



1250 

DaUnc* Shall Elimliwllan 

«J1 

$81* 

mt/Englna 


showed that a V-drive or U-drive, 
four-cycle Stirling engine could bo 
designed and packaged to perform in a 
small-size vehicle while meeting or 
exceeding program objectives. 

A preliminary cross section of a down- 
sized RESD is shown in Figure 1-11* A 
major design concept utilized in the 
downsized RESD was the use of an annular 
heater head as opposed to the canister 
heater head used in the Mod I engine and 
full-size RESD* Figure 1-12 shows the 
profile of an annular heater head with 
one quadrant removed* Note the compact, 
simple construction when compared to the 
canister heater head (Figure 1-13), which 
has canister regenerators placed on an 
outside radius from the cylinders. 


DOWNSIZED RESD STUDY 

In reviewing the requirements for the 
downsized RESD, it was concluded that a 
2250 -lb curb-weight vehicle with an en- 
gine compartment equal to a K-body vehi- 
cle would be used. The study's results 


Work during the past six months has also 
focused on finalizing the RESD engine de- 
sign, and preparing design substanti- 
ation memorandum for each component/ 
system design. This work was done in 
preparation for a design review with NASA 
during the first half of 1983. 
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Work Planntd for Next Report Period 

The following major activities are sched- 
uled for the ASE Program during the first 
half of 1983: 

• assemble/ test two Mod I -A engines j 

• demonstrate Mod I-A engine per- 
formance and emissions goals} 

• complete statistical engine test- 
ing of Mod 1 Pit seals in three 
P-40 engines; 

• initiate statistical engine test- 
ing of Improved main seals for 
Stirling engines; 

• complete Initial test phase of the 
ceramic preheater segments, and 
initiate engine preheater design; 

• complete RBSD design review; 

• begin component development in an- 
nular heater head design concept, 
and manufacture; 

• complete initial piston ring de- 
velopment of revised H-rlngs; 

• complete 2000 -hour endurance test 
program on Mod I engine No. 3; 
and, 


complete cold-weather start pro- 
gram on transient test bed. 



II. COMPONENT AND TECHNOLOGY DEVELOPMENT 
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Component development activity is organ- 
ized on an engine subsystem basis, v;ith 
developmental emphasis on the following? 
1) External Heat System (combustor, fuel 
noz. le, igniter, preheater); 2) Hot En- 
gine System (heater head/regonerators); 
3) Materials (heater head casting/tubo 
materials; 4) Cold Engine System (piston 
ring, main seal/capsoal systems, piston 
domes, cylinder liner); 5) Engine Drive 
System (crankcase, crankshaft, bearings, 
connecting rods); and 6) Control System 
(mean pressure, combustion, temperature, 
and microprocessor-based controls). 

I'he focal point of development activity 
during this semiannual report period has 
been Mod I -A component development/ 
performance characterization. This has 
been accomplished through substantial 
technology transfer and acceleration of 
the utilization of test facilities in the 
United States. 

During the first half of 1983, primary 
emphasis will be placed on design sub- 
stantiation through Mod I-A engine tast- 
ing, completion of remaining Mod I-A 
development, and initiation of component 
technology development for the Mod I-B. 
Each component will have a specific per- 
formance, cost-reduction, or reliability 
goal for the Mod I-B, and will be devel- 
oped to the point where they are suitable 
for proof-of-concept testing on a Mod I, 
Mod I-A, or Mod I-B engine. 

External Heat System (EHS) 

The primary goal of the EHS is low emis- 
sions while maintaining high efficiency 
for a 18:1 fuel turndown ratio in a mini- 
mum volume. The design must consider the 
expected use of alternate fuels, and rec- 
ognize the significant cost impact of 
system size and design, 

Development activity during the latter 
half of 1982 focused on the selection of 


a nonair-atomized Mod I-A fuel nozzle, 
the design of an improved CGR combustor 
for the Mod I-A, Performance Rig baseline 
testing, an analysis of Mod I engine and 
vehicle EGR emissions, and the develop- 
ment of a ceramic Mod I-A preheater. 

Primary objectives during the first half 
of 1983 will focus on the development of 
a reduced size/cost EHS through rig test- 
ing, and verification of EHS performance 
in a Mod I-A engine, A metallic preheat- 
er will bo used as an interim design 
until a ceramic matrix can be developed. 

MOD I-A FUEL NOZZLE EVALUATION 

The Mod I-A fuel nozzle must be capable 
of operation over a turndown range of 18, 
allow the engine to idle at 0,25 g/s fuel 
flow, not use an external source oL atom- 
izing air, and demonstrate a beneficial 
or neutral affect on emissions/tempera- 
ture profile. Based on spray-quality 
evaluation and Free -Burning Rig* ig- 
nition/blowout tests, two nozzles 
(piloted air-blast and dual-orifice) 
were selected for further evaluation in 
the Combustion Performance Rig*. 

Initially, Performance Rig evaluation 
was conducted using a modified (to adopt 
the nozzles) Bill-of-Materials (BOM) Mod 
I CGR combustor. Because temperature and 
durability problems existed with the CGR 
combustor, a decision was made to use an 
EGR-type combustor as the prime design 
for the Mod I-A. The combustor was modi- 
fied to provide a separate igniter, and 
accept the nonair-atomized fuel nozzles 
(see Figure 2-1) . 

Five fuel nozzle/EGR combustor combina- 
tions were tested without EGR during this 
report period; these are shown in Table 
2-1 and Figures 2-2 and 2-3. 


*see MTI Report No, 82ASE278SA2 
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^conib * ® 7 In.* 

A„pj 0 0U» in’ (Alomization) 

OOSri in* (Cooling) 

0 OO;? in * (Max, Cold Leakage) 



Figur* 2*1 Mod I EGR - Altorru't* Fuel Nozzle 



Figure 2-2 Performance Rig Comparison of 

Affects of Combustor Configuration 
on CO Emissions 



Figure 2-3 Mod l-A Fuel Nozzle Evaluation - 
EGR Combustor Configuration 


TABLE 2-1 

PERFORMANCE RIG EVALUATION OF 
MOD l-A FUEL NOZZLES 


Contlflu- 

rallon 

No«l« 

Combustor 

1 

Air-Blast 

Mod 1 EGR 

2 

Dual-Orifice 

Mod 1 EGR 

3 

Air-Blast 

2/3-Area Mod 1 EGR 
(Reduced Vanes) 

4 

Air-Blast 

2/3-Area Mod 1 EGR 
(Reduced Height) 

5 

Air-Blast 

2/3 Area with Radial 
Holes Mod I EGR 


NlUt 


Both fuel nozzles have a pressure- 
atomized pilot nozzle, but different sec- 
ondaries. The air-blast secondary nozzle 
uses combustor pressure drop to force air 
through the nozzle for atomization, while 
the dual-orifice has a pressure-atomized 
secondary. In either case, combustor L? 
is used to generate cooling for the noz- 
zle. This atomizing and/or cooling air 
may be preheater bypass (cold) or dis- 
charge (hot). 
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Thfl first two configurations wore unao- 
coptablo because not enough hot or cold 
air could bo provided for adequate ntorni- 
gation/cooling, causing high CO and HC 
omissions I poor combustion-gas tompor- 
aturo distribution, and carbon 
formation I Tho remaining three config- 
urations involved combustor modifica- 
tions to increase pressure drop and, as a 
result, airflow through the noazle. 
Based on initial testing results and pre- 
vious Ignition/blowout tests, a decision 
was made to continue this development us- 
ing tho air-blast nozzle. 

During the third test series, the com- 
bustor flow area was reduced nominally to 
2/3 of its original value by blocking ev- 
ery third swirl vane, Duo to some war- 
page between the turbulator and its 
supporting plate, some of the air by- 
passed the swirler; thus, the increase in 
pressure drop was not as great as ex- 
pected, Novortheloss , performance was 
markedly improved, as illustrated in Fig- 
ure 2-2 whore CO emissions are comparable 
to those achieved with the baseline Mod I 
EGR-Gombustor/alr-atomizod fuel nozzle. 

Except fer the nozzle's tendency to par- 
tially plug at very low idle fuel flows, 
configuration 3 was deemed acceptable for 
tho Mod I-A. With EGR, the tendency is 
o.xpQcted to improve greatly due to in- 
creased flow through tho combustor at 
idle. Tho continued development of 
configurations 4 and 5 represent changes 
to create a more packageablo/ 
manufacturable production combustor, 

Configuration 4 was intended to aorodyna- 
mical'y duplicate configuration 3. In 
this case, area reduction was achieved by 
reducing tho height to the turbulator by 
1/3 j however, combustor performance was 
not the same, nor was it acceptable 
because of high heater head temperature 
spread. Deterioration in tomporaturo 
profile was due to an Incteaso in swirl 
intensity which resulted from ollmi- 
nation of the leakage path underneath the 
turbulator. Configuration 5 corrected 
this by adding sixteen 3/ 16-diameter ra- 
dial holes under tho turbulator (see 
Figure 2-3), resulting in performance 
comparable to configuration 3. 

Tho EGR combustor, ropresontod by config- 
uration 5 and the air-blast nozzle, was 


selected for incerporation into the Mod 
I-A, A test to verify performance and 
evaluate the affect of EGR will bo con- 
ducted on Hod I engine No. 10 during Jan- 
uary, 1983. Additional nozzle develop- 
ment using other air-blaat/dual-orifice 
nozzles, as well as an ultrasonic atomiz- 
er, will continue throughout 1983 if 
further nozzle improvement is needed. 

MOD I-A CGR COMBUSTOR 

Although the initial combustor for the 
Mod I-A will be an EGR design, efforts 
have p.ontlnued to develop a CGR combustor 
that can bo retrofitted at a later data, 
The purpose of both gas-rocirculntlon 
schemes is to ensure CVS cycle amiss ious 
couipllancft. Tho combustor must also min- 
imize gas temperature apread to ensure 
high engine efficiency, operate with low 
excess air and pressure drop, bo stable 
at off "design conditions, and be durable. 
The CGR concept is dosirnblo because of 
its inherent simplicity, e.g., lack of 
external valving, piping, and controis, 

DevelopifioniJ of both tabular and radial 
CGR combustors continues. The initial 
tubular combustor was modified to improve 
durability and simplify the design, as 
shown in Figure 2-4, Durability improve- 
ment results from suspending tho tubes at 
tho fuel nozzle by a weld joint, and not 
constraining thorn at tho ejector j thus, 
tubes can movo relative to tho rest of 
tho combustor and EHS during thermal 
trnnsionts. The tube design was modified 
so tliafc tho cross-sectional geometry 
would change from circular (ejector side) 
to rectangular (nozzle side), Tho rec- 
tangular tubes are joined together to 
form a turbulator and, therefore, elimi- 
nate the support ring that would 
otherwise bo needed . 

Mod I engine testing of the tubular CGR 
combustor with 13-inm diameter ejectors 
revealed a poor heater head temperature 
profile, high NOx omissions (Figure 2-5), 
and acceptable CO (Figure 2-6) and smoko 
emissions, Based on the NQx and temper- 
ature profile, a decision was made to 
design the Mod 1-A tubular CGR combustor 
with circular tubes and smaller diameter 
ejectors In order to capitalize on tho 
good performance achieved previously on 
the Mod 1 with this type of design. 
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FIgur# 2-5 Mod I Engino No, 2 Emissions 
with CGR 



Dovolopment of tho radial CGR combustor 
was delayed because of the emphasis 
placed on Mod I EGR emissions, and the 
decision to develop Mod I-A fuel nozzles 
with an EGR combustor, as opposed to a 
straight-guide-vano CGR combustor. 
Hardware for these radial CGR combustors 
with varying geometry has been received 
and assembly has begunj development in 
the Performance Rig will begin early in 
1983. 

PERFORMANCE RIG MOD I BASELINE TESTS 

The Combustion Performance Rig was 
brought to full operational capability 
during tho latter half of 1982, and two 
series of Mod 1 baseline tests with CGR 
and EGR combustors were completed. 

The Data Acquisition System (DAS) was 
fully automated during this report period 
using the HP- 1000 computer. A dramatic 
increase in test points run per hour 
resulted, 

The first series of baseline tests used 
the Mod I BOM, straight-guide-vane, CGR 
combustor and air-atomized fuel nozzle. 
With the CGR bypass valve welded closed, 
tests were conducted at fuel flows of 
0.5, 1,0, 2.0, and 3,0 g/s, and Lambda's 
(X) boween 1,18 and 2,00 in order to dem- 
onstrate the capabilities of the rig and 
compatabillty between MTI/USAB rig data; 
both objectives were achieved. 

In the latter case, a comparison of rig 
data for preheater effectiveness (see 
Figure 2-7), NOx emissions (see Figure 
2-8) and CO emissions (see Figures 2-9 
and 2-10) indicates similar trends and 
qualitative agreement. Differences are 
due to variations in the methods of con- 
trolling tubs temperature, and the 
inherent sensitivity of the straight- 
guide-vane CGR combustor to manufactur- 
ing tolerances, 








Figure 2-6 Mod I Engine No. 2 CO Emissions 
With CGR 
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Figure 2-10 Mod I Baseline CO Versus X 
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The ^second series of baseline tests were 
conducted to establish criteria for Mod 
I-A fuel nozzle selection. In order to 
compare nozzle performance with an EGR 
combustor, a baseline was run using the 
Mod I EGR combustor and air-atomized fuel 
nozzle. The results of the tost were 
used to select the Mod I-A fuel nozzle, 
and to determine the degree of EGR com- 
bustor modification needed to utilize 
that nozzle as previously discussed. 

MOD I ENGINE/VEHIGLE EGR EMISSIONS 

Emissions testing was conducted with EGR 
using both the engine cell and vehicle, 
A detailed comparison between steady- 
state engine and transient CVS cycle 
vehicle data yielded excellent agreement 
for NOx., but not for GO or HC emissions; 
however, good engine-to-engine repeat- 
ability was demonstrated. During this 
report period, gas analyzer data acquisi- 
tion and calibration procedures were 
fully automated with the HP-1000. 

Data from a limited emissions test con- 
ducted with EGR using Mod I engine No. 1 
was compared to that obtained with other 
e,nglnes . NO^ emissions of two Mod I en- 
gines (versus fuel flow) with variable 
EGR schedules are shown in Figure 2-11. 
The variation of EGR and X with fuel flow 
is given in Figure 2-12. It was con- 
cluded that variations in X had no affect 
on NOx end that good engine-to-engine 
repeatability with EGR was demonstrated 
(see Figure 2-13 where NO^ emissions from 
three Mod I engines - one constant and 
two variable EGR schedules - are illus- 
trated) , 

CO emissions (shown in Figure 2-14) seem 
to indicate an effect of fuel flow, EGR, 
and X, which is the dominant variable 
(see Figure 2-15). Other conclusions 
drawn are that good engine-to-engine re- 
peatability exists, and CVS cycle CO 
compliance requires X > 1.2; HC emissions 
were so low in all cases that comparison 
of engine data was not relevant. 



Figure 2-11 Mod I Engine Emissions 
WIth/WIthout EGR 



Figure 2-12 Mod I Engine Variation in X 
and EGR With Fuel Flow 
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Figur* 2-13 Mod I Engin* Emissicni 
With/Without EGR 
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Figura 2-15 Effact of X on Mod I Engina 
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Figura 2-14 Mod I Engina CO Emissions 
With/Without EGR 
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yoUowlng th© testing of Mod I angina No» 
I, the engine was installed In the Lorma 
vehieloi and GVS cycle tests were con*' 
ducted at Mercedes OeuK of Ann Arbor, 
Michigan, The EGR combustion system was 
the same as that tested In the engine 
cell with the "intermediate" EGR .schedule 
shown in Figure 2-12, Based on the en- 
gine re,sults projected over the GVS 
cycle, and using an urban mileage of 19.3 
mpg, emissions were predicted to bo; 

• NCh, a 0.88 g/ml} 

• GO"^ <0.50 g/mi U > 1.2); and, 

• lie <0,10 g/mi. 

The first series of GVS vehicle testa 
showed that N0>. omissions were, about the 
same as predicted (1.0 g/mi); particulate 
emissions wore well under the required 
0.2 g/mi. GO and IIG emissions were an 
order of magnitude higher tlian o.'tpoctod, 
thus oxcoedlng the Program goals. 


Burning diesel fuel instead of indolene 
(urban cycle without cold start) indi- 
cated a twofold increase in GO, and a 
threefold increase in HG. A subsequent 
analysis revealed; X too rich (< 1.2), 
excessive servo-oil temperature and* air 
throttle sotting Incorrect for cold 
start. Due to the dramatic affect of X 
oil GO emissious, the test was repeated 
with a more optimum X schedule (results 
are shown in Table 2-2). NQj. emissions 
worn almost as predicted, and the sse of 
steady-state ougiue data to predict GVS 
cycle vehicle NO^ emissions was 
validated. GO and IIG emi.ssions satisfied 
tlie Program goals of 3, A and 0,41 g/ml, 
respectively; however, they were higher 
than predicted due to the affect of 
stari-up and transients , As a result, It 
is concluded that .steady-state GO and llG 
enils.sious cannot be used to predict vehi- 
cle results. 


TABLE 2-2 

MOD t TRANSIENT TEST RESULTS 


FTP-79 Cold Urban C/cIo 



HC 


CO 

NO, 

Fuel Economy 

Test Date 


(g/ml) 


(g/ml) 

(g/ml) 

(mpg) 

9/21/82 


0.226 


3.43 

0.96 

19.90 

9/24/82 


0.286 


3.27 

0.90 

18.80 

9/28/82 


0,247 


3.21 

0,84 

19.20 

Average 


0,253 


3.30 

0.90 

19.30 

Projected 


<0.100 


<0.50 

0.88 

19.09 

Highway Cycle 








Combined 



HC 

CO 

NO, 

Fuel Economy 

Fuel Economy 

Test Date 

(g/ml) 

(g/ml) 

(g/ml) 

(mpg) 

(mpg) 

9/21/82 

0.0040 

0.280 

0.750 

31.70 

23.90 

9/24/82 

0.0050 

0,250 

0,620 

32.10 

23.15 

9/25/82 

0.0040 

0,402 

0.611 

32.40 

23,50 

Average 

0.0043 

0.311 

0.660 

32.10 

23,60 


H31S34 



Him 
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MOD I -A CERAMIC PREHEATER 


The metallic preheater represents one of. 
the most expensive components of the en- 
gine due to the Inherent expense of fab- 
ricating Individual metallic platelets 
into a matrix, In order to reduce this 
cost, ceramic material, which is rela- 
tively Inexpensive to faliricato, has boon 
under evaluation for use in the 
preheater, In addition to cost consider- 
ations, ceramic preheater performance 
and thermal mass must be consistent with 
high EHS efficiency, minimal cold-start 
penalty, and packageability. These re- 
quirements imply extremely high 
surface/volume ratio (300 ft^/ft^), thin 
walls, and low heat capacity (mass times 
specific heat) . 

The ceramic-preheater concept selected 
for development is shown in Figure 2-16. 
Two 4-3/4"^ X 4-1/2" x 3-3/4" cordierite 
blocks were purchased for 
perforraancc/durabllity evaluation in the 
Preheater Rig*. These counterf lov.; 
blocks, originally developed for use as a 
gas-turbine recuperator, promise to be 
less expensive than the current metal 
platelet preheater, give comparable per- 
formance, and reduce thermal mass by as 
much as 30%. 


The Preheater Rig used to evaluate the 
ceramic blocks supplies the test section 
with both a hot and cold air stream; the 
hot stream may be either electrically 
heated air (up to 500®C and low flows), 
or the product of natural-gas combustion 
(> 500®G). The evaluation will consist 
of two phases. During the first phase, 
which will Include pressure drop, temper- 
ature profile, and effectiveness, 
steady-state performance will be deter- 
mined at 300, 500, 700, and 900®C with 
varying flow rates. If the test pieces 
survive the high-temperature, steady- 
state tests, they will be subjected to 
thermal transients in order to determine 
durability in an engine environment. 
This performance evaluation has been ini- 
tiated, and tests conducted ai; 300 and 
500“C with preheated air. 

Cordierite is not expected to have satis- 
factory durability for an engine environ- 
ment. If successful performance and cost 
benefits are demonstrated, additional 
materials and geometries will bo evalu- 
ated in the Preheater Rig to develop a 
ceramic -block preheater for the Mod I -A 
or RESD engines. The performance, dura- 
bility, and cost evaluation will be 
completed during the first half of 1983. 



Figure 2-16 Ceramic Preheater Test Section 


^completed and operational in late 1982 (see MTI Report No. 82ASE278SA2) 
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Analytical work during this semiannual 
report period included the development of 
a preheater computer code that will uti- 
lize data from the Preheater Rig to opti- 
mize engine ceramic-preheater heat 
transfer, fluid friction, and cold-start 
penalty. An example of the results of 
this code is shown in Figure 2-17 where 
the affect of the number of ceramic 
plates on ceramic RESD preheater effec- 
tiveness and pressure drop is indicated 
and compared with projected Mod I 
Performance. 


Piitotminci) VI Numbir ot Plilii Mii'vlIOO Plilii 



MbmPuv F)ow(o/i) 

Figure 2-17 Ceramic Preheater Performance 
(Preliminary) 

Hot Engine System Development 

The primary goal of this task is to pro- 
vide a low-cost regenerator design with 
mileage performance comparable to the 
current design. To date, the requirement 
for high regenerator efficiency (typi- 
cally -'98%) has been reflected in the use 
of high-cost matrix material such as sin- 
tered woven, high-count stainless mesh, 

Activity during this report period wns 
aimed at rig development of ceramre- 
regenerator matrix material, and evalu- 
ation of Metex knitted wire in a Mod I 
engine. 

CERAMIC -REGENERATOR DEVELOPMENT 

Performance evaluation of the SiC Duocel 
matrix has been completed in the Heat- 
Transfer Rig with encouraging results. 
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Performance characteristics of SiC are 
not anticipated to be as good in the en- 
gine due to its high axial heat con- 
duction. In order to get a more 
representative comparison of rig data, 
which assumes no axial conduction, an ad- 
ditional test was run using combined 
63%-/68%-porosity SiC separated by an in- 
sulating ceramic, With greatly reduced 
axial conduction, a direct comparison can 
bo made to the sintered wire screen base- 
line, As shown in Figures 2-18 and 2-19, 
heat -transfer performance of the com- 
bined insulated SiC was not as good as 
the single uninsulated porosities, 
while, as expected, friction factor was 
unaffected, Nevertheless, performance 
is still superior to sintered screen. 

The major question remaining, consider- 
ing SiC's lower cost and superior per- 
formance, is durability. To evaluate the 
life characteristics in a cyclic eirviron- 
ment, a Regenerator Durability Rig was 
constructed using a diesel-engine block 
to cycle nitrogen through a test matrix. 
To date, the SiC material has survived 
nine hours of rig testing, representing 
over one million pressure cycles without 
damage, The SiC regenerator will be 
evaluated in a P-40 engine during the 
first half of 1983. 

METEX MOD I ENGINE REGENERATOR 

Metex knitted-wire regenerators have 
been designed, fabricated, and flow- 
tested for the Mod I engine in 55% and 
70% porosities. Based on Heat-Transfer 
Rig data, and analysis by the First-Order 
Code, a 70% porosity is predicted to be 
optimal . 

Testing of the regenerators in a Mod I 
engine has been delayed because of fabri- 
cation difficulties and engine avail- 
ability. By comparing the engine per- 
formance with sintered screen, 
70%-/55%-porosity Metex regenerators, 
rig data and engine code predictions can 
be validated. The 70%-porosity Metex re- 
generators have been installed in Mod I 
engine No, 10, with testing scheduled for 
January, 1983. 


Materials and Process Development 

The main objective of this task is the ' 
utilization of low-cost, nonstrateglc 
heater head materials that can survive 
the automotive duty cycle, The high- 
temperature/pressure environment, as 
well as the presence of high- and ■ 
low-cycle, cyclic stresses, have con- 
tributed to the difficulty of meeting 
this objective, 

Development efforts during this report 
period focused on Phase II testing of two ' 
specimens of alternate casting materials ' 
and five alternate tube materials; reduc- 
ing the strategic-element content of the 
Mod I-A engine; selection of material for 
the Mod I-A heater head, engine-testing 
two heater heads from these and other 
materials and developing data on welded 
XF-818. 

During the first half of 1983, Phase II 
testing will be completed, alternate- 
material heater heads will be destruc- 
tively tested on ap engine in a simulated 
duty cycle, fatigue tests of the casting 
materials will be performed in a hydrogen 
environment, and alternate techniques of 
reducing hydrogen permeability will be 
pursued. 

DESIGN PROPERTIES TESTING . 

The data scatter of fully reversed, high- 
temperature fatigue testing of alloys 
XF-818 and CRM-6D was demonstrated during 
the last semiannual report period. Ini- 
tial Phase I testing was done at 800®C. 

In order to observe the data scatter and 
develop 700°C fatigue data, six tests 
were run at low-cycle and six at 
high-cycle for each material (Figures ; 
2-20a and b show the results). 

Results of testing currently underway to 
determine the mean stress and hold time 
effects of XF-818, and to determine the 
fatigue strength in hydrogen of XF-818 
and CRM-6D, will be reported during the 
first half of 1983. 
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Figura 2-20a Phase II, Step I, 700“C 

Statistical Significance (XF-818) 
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Figure 2-20b Phase II, Step I, 700°C 

Statistical Significance (CRM-6D) 
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Tensile strengths of welded XF-818 have j’ 

been determined at 800°C, The test bars i, 

contained a weld in the center of the !' 

gage length which simulated the actual 
welding process in both electron-beam if 

(EB) and TIG welding. Two different fll- j| 

ler metals were used with TIG welding, i| 

while none was used with EB welding. The || 

results, shown in Table 2-3, arc compared I 

to initial Phase I tensile data, to ton- « 

silo properties reported by Climax i 

Molybdenum, and to the initial test bars 
cast by Howmet in preparation for casting j 

of the Mod I-A heater head castings. 

Tensile properties of the welded specimen | 

appear excellent, perhaps indicating a i 

small trend for the braze or HIP cycle to j 

slightly decrease yield strength at both : 

room temperature and 800°C while possibly :| 

increasing ductility, p 

' i 

During the first half of 1983, current i 

fatigue testing of welded XF-818 will be \\ 

reported, along with hydraulic fatigue p 

testing of Mod I-A heater head castings. 1 

Those tests will verify the basic integ- 
rity of the design/alloy combination at j 

room temperature, and will be run at IS j 

MPa ±5 MPa for 10' cycles. ,i 

Long-term tests (to 5000 hours) are being I 

conducted on the five alternate heater ! 

tube alloys (Table 2-4 lists these alloys j 

and their compositions). The latest j 

850°C test data from the alternate alloys i 

is plotted are Figures 2-21 through 2-25, ij 

The stress to rupture at 850®C at 3500 i 

hours has been estimated from the graphic u 

data and summarized below: H 

■A 

A 

Alloy Estimated Stress i 

N/mm2 !{ 


CG-27 

51 ;! 

Inconel 625 

44 M 

12RN72 

35 1 

Multimet 

32 

Sanicro 31H 

27 n 

Sanicro 32 

24 


The design stress, based on an equivalent 
operational pressure of 7.5 „ MPa and a 
safety factor, is 28.125 N/mm'^ , Consid- 
ering this, Sanicro 31H and 32 will not 
meet the requirements; all the other al- 
loys appear to meet the requirement for 
creep rupture at this time. 
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TADLE 2-3 

TENSILE TEST RESULTS OF WELDED XF-818 
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Room Tomporaturo 

•00 °c 1 


T8 

0.2H Y8 

HEL 

Remarkt 

T8 

0.2H Y8 

HEL 

Remarks 

TIG-Welded 
Hastelloy 
With Filler 

95.84 

68.43 

1.90 

2, 3,6 

70.235 

45.306 

4.00 

2. 3.6 

TIG-Welded 
XF-618 Filler 

96.91 

67.01 

1.87 

2, 3,7 

69.25 

43.79 

4.10 

2, 3.7 

EB-Welded 
No Filler 

98.23 

66.24 

2.76 

2, 3,8 

65.69 

68.38 

39.51 

36.32 

5.60 

5.25 

2. 3,6 
2, 7, 10 

Climax 

Molybdenum 

97.40 

59.60 

1.60 

1.4 

61.60 

.TT,^ 

9.00 

1.11 

Phase 1 (B.K.) 

77.50 ■ 

45.25 

1.40 

1.12,6 

62.00 

9.00 

5.30 

1.7,12 

Howmet as Cast 

97.20 

64.10 

2.30 

4.6 

— 

~ 



Howmel HIP'ed 

97.40 

54.60 

4.00 

5.9 


— 

— 



Remarks; 

1, Investmerit-cast teal bars 

2, Test bars machined from welded Investment-cast slabs 

3, Aged 50 hours at 800°C 

4, As cast 

5, HIP’ed - 1121“C; 15 ksl 4 hours 

6, Average 2 specimens 


7. 1 Specimen 

8. Average 3 specimens 

9. Average 4 specimens 

10. 1121“C - 1 hour; 800»C - SO hours 

11. 81 5° C test temperature 

12. 1125‘’C - 1 hour; SOO-C - 50 hours 
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TABLE 2-4 

ALTERNATIVE HEATER TUBE MATERIALS, NOMINAL CHEMISTRY 


Alloy 

Co 

Cr 

m 

Mo 

W 

B 

At 

11 

D 

Cb 

Mn 

Fe 

m 

jlJ 

Multimel' (N155) 

10.75 

21.25 

20 

3.00 

2.5 

0.12 

— 

B 

— 

1.0 

i.50 

29.70 

1.0 


Alternatives; 















CQ-27* 

None 

13.00 

38 

5.75 

B 

0.05> 

1.6 


0.010 

0.7 

— 

38.00 

— 

— 

Inconel 625* 

None 

21.50 

61 

9.00 

H 

0,05 


0.2 

— 

D 

0.25 

2.50 

0.2 

— 

Sanicro 32 * 

None 

21.00 

31 

— 


0,09 

0,4 

0.4 

— 

H 

0.60 

42.80 

0.6 

— 

Sanicro 31 

None 

21.00 

31 

— 

H 

0,07 

0.3 


— 

H 

0.60 

46.13 

0.6 

— 

12RN72< 

None 

19.00 

25 

1.40 

H 

0.10 


0.5 

0.006 



1 

1.80 

51.80 

0.4 

— 


'Base Material 
^Crucible Steel Corporation 
^International Nickel 

^Sandvlk Alloys 831536 
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Figure 2-21 Creep Rupture Testing at Sandvik Figure 2-22 Creep Rupture Testing at Sandvik 

(CG-27) (Inconel 625) 




Figure 2-23 Creep Rupture Testing at Sandvik 
(12RN72) 
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Figure 2-24 Creep Rupture Testing at Sandvik Figure 2-25 Creep Rupture Tasting at Sandvik 

(Sanicro 31H) (Sanicro 32) 
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HIGH-TEMPERATURE ENGINE TESTING 
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The alternate heater head casting and 
h<>ater tube materials are being subjected 
to high-temperature engine testing on a 
P-40 engine. The objective of this test 
is to rank the alternate materials in an 
engine environment, Eight quadrants have 
been manufactured with the combinations 
of casting and tube materials shown in 
Table 2-5, To date, 1,453.52 test hours 
have been accumulated against the test 
goal of 2000 test hours. 

The running history of each quadrant is 
shown in Figure 2-26. The quadrants are 
currently undergoing nondestructive ex- 
amination. The results will help formu- 
late the last 500 -hour test cycle 
pressure levels. The chart in Figure 
2-26 indicates that three tubes of 12RN72 
in Quadrant 3 failed in about an 80 -hour 
period, As a result, all of the 12RN72 
tubes were replaced with Inconel 625, 


TABLE 2-5 

TUBE/CASTINC MATERIALS 


Quadrant 

No. 

Matarial 

Caatlng 

Tuba 

1 

HS-31 

Inconel 625 

2 

CRM-6D 

Sanicro 32 

3 

XF-B18 

12RN72 

4 

SAF-11 

CQ-27 

5 

HS-31 

Sanicro 32 

6 

CRM-6D 

Inconel 625 

7 

XF-818 

12RN72 

8 

SAF-11 

Sanicro 31 H 
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The alloys nominal compositions are 
listed in Table 2-6. The engino is run- 
ning with a moan tube temperature of 
820®C, and moan pressure cycled every 90 
seconds to accumulate creep and fatigue 
damage in the castings and tubes. 

During the next report period, the last 
500 test hours will be run, and the tost 
cycle will be chosen so that the weaker 
alloys will fail, thus providing a 
ranking. 

RESD MATERIALS AND PROCESS DEVELOPMENT 

Work is underway to establish a materials 
specification for the main piston rod 
seal material. The specif icatioh will 
allow material to be purchased with a 
certain degree of uniformity from batch 
to batch, and with specific minimum- 
quality requirements. Testing will focus 
on the mechanical properties and degree 
of crystallinity of the elastomeric 
materials . 


Two alternate materials (Armco and Alle- 
ghany Ludlum) for use in the sir preheat- 
er are currently being investigated. 
Their compositions are shown in Table 
2-7, Note the reduced chromium content 
v^?hcn compared to that of 25% in the cur- 
rent 310 Stainless Stool* 

TADLE 2-7 

ALTERNATIVE PREHEATER MATERIALS 



C 

Mn 

81 

Cr 

Nl 

Al 

Tl 

Cb 

18SR 

0,10 

1.0 

0.6 

17.6 

1.0 

2.2 

0.4S 


408Cb 

0,02 

»- 

0.5 

12,0 


1,2 

0.30 

0.6 


UfIM 


A set of samples is being exposed to the 
combustor environment to Initially gage 
their ability to withstand the oxidation 
and corrosion otomosphere. Other tests 
for weldabllity/fornmbility are in pro- 
gress to determine the process sequence 
(and therefore the cost) of making an air 
preheater from either of these alloys. 


TABLE 2-6 

NOMINAL CHEMISTRY OF HEATER HEAD CASTING 
ALLOYS AND HEATER TUBE MATERIALS 


Haalcr H«ad Catllno Alloys 


Alloy 

C 

SI 

Mn 

Nl 

Cr 

Mo 

W 

Co 

Cb 

B 

N 

Fs 

HS-31 

0.05 

0.05 

0.05 

10.5 

25.5 


7.5 

54.0 


— 

— 

1.00 

CHM-6D 

1.05 

0,55 

4.75 

6.0 

21,0 

1.0 

1.0 

— 

1.0 

0.005 

— 

64.5 

SAF-11 

0.06 

0.07 

0.07 

16.0 

24,0 

- 

13.0 

— 

— 

0.045 

— 

44.5 

XF-818 

0.02 

0.03 

0.15 

18.0 

18.0 

7,5* 


— 

0.4 

0.007 

0.12 

54.0 


Htalsr Tubs MsIsHali 


ANoy 

Co 

Cr 

Nl 

Mo 

W 

C 

Al 

Tl 

B 

Cb 

Mn 

Fs 

Si 

N 

CQ-27 

— 

13,00 

36 

5.76 

— 

0.05 

1.6 

2.5 

0,010 

0.7 

— 

38,00 

— 

— 

Inconel 625 


21.50 

61 

9.00 

— 

0.05 

0,2 

0,2 

— 

— 

0.25 

2.50 

0.2 

— 

Sanicro 32 

— 

21.00 

31 

— 

3.0 

0.09 

0.4 

0.4 

— 


0.60 

42.60 

0.6 

— 

Sanicro 31 H 

— 

21.00 

31 

— 

— 

0.07 

0.3 

0.3 

— 

— 

0,60 

46.13 

0,6 


12RN72 

— 

19,00 

25 

1.40 


0.10 


0.5 

0.006 

_ 

1.80 

51.80 

0,4 

— 


831 53B 
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Cold Engino System (CES) Development 

Tho focus of CES activity is the develop- 
mont of roliable, low-friction recipro- 
cating seals that have long life in an 
autoitiotivo duty cycle. Both main seals 
(piston rod) and piston rings have been 
targeted for improvement. 

During tho latter half of 1982, efforts 
were directed toward the development of 
low- friction piston rings in a Mod I 
Motoring Rig, determination of PL ad- 
vanced-design main seal performance in a 
one-cycle Exploratory Tost Rig, and a 
statistical determination of PL seal per- 
formance in three P-40 engines in an 
automotive-type test cycle. The goal for 
1983 is to complete the development of 
main seals and piston rings through rig 
and engine testing. 

PISTON RINGS 

Tho most promising piston ring design 
evolved in tho ASE Program is the H-ring 
(shown in Figure 2-27), which is 
pressure-balanced that tho force hold- 
ing it in contact with the cylinder wall 
is independent of the working gas pres- 
sure. A separate, internal expander ring 
is employed to exert a known, 
constant-radial force on the ring to 
maintain contact with the cylinder. 


ORIGtNAL PAGE IS 



Flgur# 2-27 PfMfur«-B»lanc«d H-RIng 

By changing the ring dimensions and/or 
expander ring, designing for a specific, 
predictable friction level is possible. 

Piston rings ol the type shown in Figure 
2-27 were evaluated in the Exploratory 
Seals Test Rig (see MTI Report No. 
82ASE278SA2) . Measurements indicated 
that friction force was basically inde- 
pendent of gas pressure, as expected, and 
of the magnitude predicted (see Figure 
2-28) . Hydrogen leakage showed some var- 
iation, but was generally <10 H/min* per 
ring (Figure 2-29), An analytical study 
showed that a leak rate of 10 l^./min per 
ring will have a negligible affect on 
power developed by the engine. If the 
rings perform as well in the engine under 
cyclic pressure as the rig tests indi- 
cated, they will give a substantial 
reduction in friction power (shown in 
Figure 2-30) . 



Ha PfO(.»ure (Ib/ln,*) •* 

Figure 2-28 Total Friction Force for 4 H-Rings 


^approximately an order of magnitude greater than that previously measured with 
the split/solid-ring design ‘currently employed in the Mod I engine. 
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Power Loss — kw (hp) Leak Rage/Ring (t/min) 





Ha Preisura (ib/ln.*) mio 

Figure 2-29 Hydrogen Leakage fop H-RIngs with Butt Joint 


10 



N (rpm) M»i< 

Flgiira 2-30 Comparison of Total Piston Ring Power Loss 
fop Mod I Split/Solid Rings and fop H-RIngs 
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Engino hardware was modified to permit 
further evaluation of the H-ring concept 
in the motored engine. Double 
lap-joint-type rings (see Figure 2-27) 
were installed to reduce gas leakage, but 
initial tests were complicated and con- 
fused by start-up problems with rig 
hardware. After several unsuccessful at- 
tempts to test the rings, it was 
suspected that gas leakage past the pis- 
ton ring o-rings (and possible contact 
between the o-rings and cylinder walls) 
might be contributing to the problem. 

To resolve those questions, the piston 
ring grooves were remachined, and the 
ring design was modified as shown in Fig- 
ure 2-31. This L-shapod ring retains the 
same pressure-balancing principle of the 
original design; tlm added extension of 
the ring simply acts as a backup ring to 
prevent contact between the o-ring and 
cylinder wall if any reversal of pressure 
across the q-rlng occurs during transient 
operation. Preliminary test data with 
butt-jointed rings of this form are en- 
couraging, but further testing is needed 
to fully evaluate its potential, If 
testing is successful, the piston rings 
v^rill be installed in a Mod I engine for 
thorough evaluation. 



Figure 2-31 Modified H-Ring 
MAIN SEALS 

The short life experienced with PL seals 
in the early stages of Mod I testing re- 
confirmed the requirement for reliable, 
long-lived rod seals, particularly when a 
seal failure might allow oil contam- 
ination in the engine. The short life of 
the PL seals in the Mod I engine was in- 
consistent with USAB's experience with 
this seal type in engines such as the 
P-7.'3 and V160. 


An examination of good and bad seals gave 
some Indication that variability in seal 
life may be associated with variations in j 
the properties of the HABIA seal k 
material, To minimize those variations 
in the future, all .main seals will be 
manufactured from material that moots a 
known specification. To permit a thor- 5 
ough assessmont/analysis of seal 
performance, each seal will be inspected 
and serialized before use, a detailed re- 
cord of its use will be kept, and it will 
be roinspected after use, j! 

ji 

Based on available data, PL seal life 
appears to be either short or long, with 
very few intermediate failures. If a 
seal does not fail within 500 hours, it 
will probably continue to operate satis- *; 
factorily for a much longer period. In 1 
order to get a reliable indication of 
main seal life, three P-40 engines are . 
being operated at USAB primarily for main 
seal evaluation, This facility will pro- , 
vide a reasonably sound statistical basis " 
for estimating seal life. In P-40 engino j 
No. 4, a set of seals has completed 500 ■ 
hours with no failures , 

During this report period, twelve sets of 
seals were investigated in the Explore- « 
tory Seals Rig (see in Table 2-8). 

TAI5LE 2-8 


SEAL SETS INVESTIGATED IN 
EXPLORATORY SEALS RIG 
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In the search for viable, alternative rod 
seals, the concept of a double-angle seal 
was generated. With this seal, a thin 
but finite film of oil separates the rod 
and seal surfaces while the engine is 
running. Oil is supplied to the piston 
rod on the crankcase side of the seal for 
cooling and lubrication. The oil film in 
the rod/seal interface is generated by 
the seal geometry and motion of the rod 
on the downstrokej oil in the piston rod 
is returned to the crankcase by similar 
action. The oil film prevents wear of 
the seal, and Improves the quality of the 
gas seal. A material with low elastic 
modulus is preferred for this design, fiiid 
a static seal is maintained by an inter- 
ference fit of the seal on the rod, 

The main seal test head was designed with 
conical seal seats (compatible with the 
engine design at that time) machined into 
the housings, To investigate the 
double-angle-seal principle, the seal 
design had to be capable of fitting into 
the existing housing. The design adopted 
is shown in Figure 2-32. 



Seal sets 10 and 11 were made from Rulon 
LD, and had 5® and 8° chamfer angles. 
With continuous operation, seal set 10 
gave low gas leakage and no detectable 
oil leakage for '^130 hours, after which 
there was a rapid, progressive increase 
in gas leakage, resulting in a higher 
overall average gas leakage, When the 
seals were removed, a small amount of oil 
was present in the seal cavity.. On both 
seals, the chamfer on the low-pressure 
side had disappeared, leading to the con- 
clusion that this resulted from 
deformation since there had been no meas- 
urable weight reduction in the seals 
during testing. A repeat test with seal 
set 11 gave similar results, with the in- 
crease in gas leakage taking place after 
'^llS hours . 

To overcome the deformation problem, seal 
set 12 was installed with a lower 
preload, 40 lbs instead of the 90 lbs 
used with seal sets 10 and 11. With con- 
tinuous testing, seal set 12 ran for 528 
hours with consistent low hydrogen leak- 
age (see Figure 2-33) . When the seals 
were removed, no significant deformation 
had occurred. Oil was present in the 
seal cavity, but the amount was compara- 
ble to that seen in previous tests with 
PL-type seals after a much shorter time. 


Hydiogen PiiiiurK 4 MPa (600 p,l| 
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Figure 2-33 Hydrogen Leakage for Double-Angle 
Seals (Seal Set 12) 


Figure 2-32 Double-Angle Seal in Exploratory, Rig 
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Early rig testing of PL seals was carried 
out under intermittent conditions. To 
establish the influence (if any) of con*- 
tinuous operation, a pair of PL seals 
(seal set 13) were tested under these 
conditions. The lower seal gave consist- 
ently low hydrogen leakage, while the 
upper seal gave erratic gas leakage 
throughout. The test was terminated af- 
ter 185 hours when gas leakage became 
excessive. 

When the seals were removed, only a 
slight trace of oil was apparent near the 
seal sets, A repeat test of 
continuous -running PL seals (seal set 14) 
gave results very similar to set 13. In 
these two tests, oil leakage was the low- 
est of all the seal tests up to that 
time, and the seals maintained a reason- 
able gas leakage for a much longer time 
than the PL seals trusted under intermit- 
tent conditions. From this, it was 
concluded that intermittent operation 
resulted in significantly shorter seal 
life. Since intermittent operation is 
more representative of an automotive ap- 
plication, starts and stops will be 
included in the test cycle for future rig 
evaluation of seals . 

Seal set 15, a slightly modified, double- 
angle seal design is shown in Figure 
2-34. The lower conical surface of the 
seal was partially relieved in an attempt 
to reduce the radial load in the 8° cham- 
fer region and prevent deformation. 
These seals were installed with a 90-lb 
preload. The bottom seal gave low gas 
leakage; however, gas leakage from the 
top seal was high throughout testing. 
The test was terminated after 26 hours, 
and the seals removed. Careful examina- 
tion of the top seal showed that the bore 
was noncircular, accounting for the high 
gas leakage. More significantly, the re- 
lieved sections of both seal sets had 
almost disappeared due to deformation of 
the unrelieved section under the in- 
creased contact pressure, obviously 
making this seal design impractical, As 
a result, no further tests were 
conducted. 

A repeat test on a double-angle seal wih 
40-lb preload (seal set 16) did not re- 
produce the good performance of seal set 
12. The seals were removed after 137 
hours, revealing that the 8® chamfers had 


disappeared because of deformation. 
Clearly, the reduced preload could not be 
relied upon to produce consistent seal 
performance. 



Figure 2-34 Relieved Double-Angle Seal 

In the main seal test head, thermocouples 
in the seal housings close to the seals 
are used to monitor seal temperatures. 
In seal set 17, thermocouples were embed- 
ded in HABIA PL seals within 1 mm of the 
seal/rod interface in order to evaluate 
whether thermocouple temperatures were 
representative of seal temperatures. 
Throughout the tests, the thermocouples 
in the seals indicated slightly higher 
temperatures than those in the housing, 
but the temperature difference did not 
exceed 4®C, leading to the conclusion 
that housing temperatures were an 
adequate representation of seal temper- 
atures for normal test purposes. 

Seal sets 18, 19, and 20 (all double an- 
gle with 5® and 30® chamfers) had 40 -lb 
preload, and were tested intermittently. 
Testing of seal set 18 was terminated af- 
ter 43 hours when the temperature of the 
lower seal became excessive (120®C+). It 
was found that the 30® chamfer had 
disappeared from that seal due to defor- 
mation. The piston rod was also slightly 
worn (-0.001 in.) in the region where the 
lower seal had been operating. The rod 
was replaced prior to further testing. 
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Seal sots 19 and 20 gave low gas leakage, 
but testing was terminated when a trace 
of oil was detected in the seal cavity, 
In seal set 19, the upper seal was dry, 
but the lower seal had leaked a small 
amount of oil, The 30° chamfer was still 
present on the upper seal, but it had 
disappeared from the lower seal due to 
deformation. The same occurred with seal 
sot 20. 

Testing of double-angle seals has shown 
that seal type is capable of maintaining 
low gas leakage for a time and, in the 
case of seal set 12, for a long period of 
time. The main indication is that the 
seals gave low gas leakage and probably 
negligible oil leakage while seal geom- 
etry was retained, In virtually every 
case, failure was precipitated by defor- 
mation of the seal, which destroyed the 
chamfer on the low-pressure side of the 
seal. It is reasonable to assume that 
the deformation was a continuous process 
that would progressively decrease the 
angle of the lower chamfer, thus increas- 
ing the seal's pumping capacity on the 
upstroke until it eventually exceeded its 
pumping capacity on the downstroke, giv- 
ing a net flow of oil to the gas side of 
the seal, and constituting a seal 
failure. Clearly, overcoming the defor- 
mation problem was necessary before the 
double-angle-seal principle could bo 
fully developed. 

The dominant force on the seal is due to 
gas pressure which tends to extrude the 
seal through the clearance between the 
rod and seal. In the seal designs 
tested, this effect would be more pro- 
nounced with the unsupported chamfer on 
the low-pressure side of the seal, which 
explains the deformation of the seals 
during operation. One potential method 
of overcoming the deformation problem Is 
to remove the chamfer from the loaded re- 
gion of the seal by adding an extension 
to the low-pressure side. With the inte- 
gral seal seats in the Exploratory Test 
Rig, testing of this type of seal was not 
possible, so a new test bod was designed 
in which the seals were separate from the 
main housings (shown in Figure 2-35). 

This arrangement is also compatible with 
the current Mod I/Mod I -A engine 
hardware, and provides more flexibility 
for testing different seal geometries 


without major rig modifications. Apart 
from thi3 and other detailed changes , the 
modified test head retains the same over" 
all form as the original head. 

The new tost head is now available, and 
baseline testing with HABIA PL seals 
(seal set 21) has been completed. These 
soal.s ran for more than 75 hours under 
intermittent conditions with low gas 
leakage. Some oil was present in the 
•soal/seat interfaces, but no gas leakage 
was evident. 

Rig testing during the first half of 1983 
will be centered on modified, 
double-angle seals to evolve a reliable 
design. When this is achieved,, the seala 
will be tested for durability in a P-40 
engine before introducing them into the 
Mod I/Mod I-A engines. 



Engine Drive System (EDS) Development 

The primary goals of this task are to de- 
velop a Reduced Frict.ion Drive (RFD) , and 
evaluate new seal concepts under motored 
engine test conditions. Activity began 
in the latter half of 1981 with the in- 
stallation of a motored Mod I drive 
system with a dummy heater head. 
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Efforts completed during the first half 
of 1982 included baseline characteriza- 
tion of the EDS motored friction, and de- 
sign and characterization of cylinder 
liner venting hardware of the RFD. 

Efforts completed during this report 
period include continued testing/ 
evaluation of seal hardware, fabrication 
and testing of the RFD, and design, 
fabrication, and testing/evaluation of 
the Lightweight Reduced Friction Drive 
(LRFD) . 

SEAL HARDWARE TESTS 

Fabrication of the cylinder liner P„jin 
system for support of H-ring testing was 
completed during this report period. 
Figure 2-36 shows the general arrangement 
of thf; key elements of the system. 

Incorporation of the hardware into 
the EDI' provided the proper pressure ref- 
erence for the H-rings. Numerous tests 
were conducted with various ring config- 
urations with no real success . Mechan- 
ical problems with the baseline EDS 
increased the indicated torque during in- 
itial H-ring testing. This situation was 
resolved when the RFD was substituted for 
the baseline drive. 



Figure 2-36 General Arrangement of Kay Elements 
of Cylinder Liner P • System 


Failure tc attain anticipated perform- 
ance with the H-rings on the RFD prompted 
an upgrade of the pressure instrumenta- 
tion in order to obtain more precise 
cycle pressure data. The gas plumbing 
was also modified to permit seal housing 
leakage to bleed back to Pmln- lat- 
ter modification caused the system to 
maintain better cycle/cycle pressure ba- 
lance; however, the effects produced by 
preferential piston seal leakage were 
masked. 

Figure 2-37 shows the four cycle pres- 
sures and torque as a function of time 
for a typical H-ring test with seal hous- 
ing leakage manifolded to ; Figure 
2-38 shows the same tost point with the 
seal leakage blocked. Note the drastic 
increase in cycle-to-cycle pressure im- 
balance, and the resultant torque 
increase ('-lOO in. lb.), even though 
P is constant for both tests. It was 
concluded from testing that the affects 
of pressure imbalance overpower those of 
reduced seal friction loading. To pro- 
vide a more uniform leakage control, seal 
o-ring and energizing spring revisions 
will be incorporated into the hardware 
prior to resuming H-ring testing. 





i 


Figure 2-37 H-Ring Test With Seal Housing 
Leakage Manifolded to P , 
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Figure 2-38 H-Ring Test With Seal Housing 
Leakage Blocked 
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REDUCED FRICTION DRIVE 

Fabrication and tasting of tha RFD was 
completad during the first half of 1982. 
Figure 2-39 shows the RFD torque versus 
basolino torque for the drive systems 
with dummy heads removed, while Figure 
2-40 shows the RFD torque versus baseline 
torque for the complete drive sy.stems 
with no charge pressure. 

Measured torque reduction with the RFD 
exceeds 2 kW (2.7 hp) at 3000 rpm versus 
the baseline EDS. The system is a mini- 


mal modification of the baseline drive 
system to permit installation of 
rolling-element bearings in place of the 
Journal bearings throughout the drive, 
Figure 2-41 shows the crankshaft/ 
mainshaft bearing details, and the con- 
necting rod bearing details, 

The RFD was removed from to.st In 
December, 1982 to permit testing of the 
IitgUtwoight RFD; howevor, it will go back 
Into to.st to support seals development in 
mid- January, 1983. 
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Figure 2-39 Mod I EDS (Mo Cylinder Liners) 
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Figure 2-40 Mod I EDS (System Complete 
No Working Ges) 



Figure 2-41 Mod l-A Crankcase Assembly 
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LIGHTWEIGHT REDUCED FRICTION DRIVE 

The primary objective of the design, fab- 
rication, and testing of the LRFD, which 
was completed during this report period, 
was to combine the performance benefits 
of the RFD with lightweight hardware de- 
signed specifically for application with 
rolling-element bearings. Reductions of 
friction power exceeded projections by a 
substantial margin. Figure 2-42 shows 
the measured friction power of the LRFD 
versus the baseline EDS with helium as 
the working gas, and Figure 2-43 shows 
comparative data for the two systems with 
hydrogen as the working gas . The actual 
weight savings over the baseline EDS is 
21 lbs versus a projected 31 lbs. The 
difference is due to using 
higher-than-actual baseline crankshaft 
weights in the original projection, and 
the decision to use Mod I pistons in lieu 
of lightweight pistons. This decision 


resulted in heavier crank counterweights 
for balance, With testing of the LRFD 
completed, the unit is scheduled to be 
built into an engine for the Mod I-A. 

Control System Development 

The major goals of this task are to de- 
velop and evaluate a simple, reliable, 
driver-acceptable , microprocessor-based 
electronic control, and an electronic 
air/ fuel control with low pressure drop, 
low minimum fuel flow, and a programmable 
air/fual ratio. These hardware designs 
must be computable with the extremes of 
an automotive operating environment , 

Efforts during this report period focused 
on development and engine>testing of a 
Repackaged Engine Control/Combustion 
Control, as well as development of a var- 
iable-displacement blower and oil-servo 
pump . 



Figure 2-42 Engine Drive System Heiium 



Speed (rpm) 

Figure 2-43 Engine Drive System Hydrogen 
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U.S.A. REPACKAGED ENGINE CONTROL 

The objectives of this effort were to en- 
hance the understanding of MTl's Digital 
Engine Control, produce a package size 
more suitable for vehicle installation, 
improve specific design areas, and uti- 
lize components readily available 
through U.S. distributors. The most cri- 
tical of those objectives was development 
of a detailed understanding of engine 
control hardware and software. 

The first and, until recently, only Dig- 
ital Engine Control (prototype config- 
uration only) for the Mod I was designed 
and built by USAB. The task of reproduc- 
ing that control was undertaken at MTI to 
bring knowledge of that control from an 
informed-user level to a detailed design 
understanding with capability for better 
maintaining the system, and the ability 
to modify the basic control elements when 
the engine system changes or component 
testing dictates such a need. Four sys- 
tem design changes were made to enhance 
the performance of the engine control. 

A check of Component tolerance staekup 
indicated that multiplexing of the dig- 
ital-to-analog control parameter con- 
versions could result in errors. The 
design was changed to incorporate five 
separate 8-bit channels and two separate 
12-bit channels of digital to analog con- 
version. The 8 -bit channels are used 
where that conversion resolution is ade- 
quate, and the 12 -bit channels are used 
for air throttle control and hydrogen 
control valve control, where greater con- 
version accuracy is felt to be necessary. 
The 8-bit accuracy may be sufficient for 
those devices, but engine test data is 
required to make that decision. 
Solid-state relay drivers were incorpo- 
rated into the design (instead of 
locating a relay board within the control 
module) to increase control reliability 
and help reduce package size. 

The microprocessor chip was upgraded from 
the IMS 9900 processor to the TMS 9995. 
They are members of the same Texas In- 
struments microprocessor family; there- 
fore, the TMS 9995 can execute the same 
software as the TMS 9900, making it com- 
patible with the original Digital Engine 
Control software. The TMS 9995 also has 


additional instruction set features not 
found in the TMS 9900 such as signed mul- 
tiply and divide, The execution time of 
the TMS 9995 is faster than the TMS 9900, 
providing a potential for shortening the 
processor cycle time, or addition of con- 
trol algorithms not currently in the con- 
trol (i.e., the combustion control) 
without increasing the cycle time, 

A fourth primary modification was made to 
the software. During its development, 
some of the original software had become 
obsolete, replaced by other routines, al- 
though never removed from the 
programming. Other areas of code wore 
needed for testing of the P-40 engine, so 
the software was changed to eliminate 
those portions of the code that were not 
used, Changes wore also made to the in- 
put/output scaling routines to reduce 
their execution time. Finally, the Com- 
munications Register Unit (CRU) method of 
handling serial Input/output (I/O) 
(found only with Texas Instruments 
system) was eliminated. The serial I/O 
is now done with the widely used method 
of memory mapping. 

Figure 2-<i4 shows a system diagram of the 
engine control. The system is made up of 
four printed circuit boards - Boards 1 
and 2 contain the engine control, Board 3 
provides power to the engine control 
boards, and Board 4 contains the relays 
to drive the final control elements. In 
a vehicle installation, Boards 1 and 2 
would be mounted together under the 
dashboard, Board 3 would be located near 
the ignition switch, and Board 4 would 
be located in the engine compartment, 



Figure 2-44 System Diagram of Engine Control 
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To verify the design, modifications to be 
made, the circuit designs were built and 
tested, and then integrated and trans- 
ferred to the system layout described 
above. The design was then built in a 
wire-wrapped assembly, maintaining flex- 
ibility while the system design was 
checked out, Based on the wire-wrapped 
version of the engine control, printed 
circuit boards were designed and fabri- 
cated. In addition, a diagnostic-monitor 
software package was written to test the 
engine control hardware functions . 

The system design has been proven by its 
successful operation of a Mod I engine in 
the engine test coll. The wire-wrapped 
engine control has been installed in the 
test cell, providing the engine control 
since mid-December with no unusual 
engine-control-related occurrences. A 
printed-circuit-board version of the en- 
gine control has been fabricated and 
checked out. Installation of that system 
in the test cell will occur when the test 
cell schedule permits. 

Efforts to reproduce the monitor/ 
simulator were less intense than the en- 
gine control effort. The objective was 
to fabricate a duplicate of the original 
monitor/simulator within the same 
package, with cable/communications com- 
patibility to the now engine control, and 
suitablity for either vehicle or lab 
installation. 

The monitor/simulator is separate from 
the engine control, and provides an oper- 
ator interface to the control unit by 
displaying the engine parameters and 
permitting simulation of control signals 
for calibration/system alignment. The 
raonitor/simulator is not required for en- 
gine operation, but is crucial to 
development activity. 

Figure 2-45 shows the monitor/simulator 
system. The major components are the 
communications processor, the graph.-ics 
generator processor, the key pad for op- 
erator interface, the parameter simu- 
lation functions, and the lab panel/CRT 
display. The lab panel performs the same 
functions as the vehicle dashboard, and 
contains the CRT display (would be sepa- 
rate in a vehicle installation) . 





UptiMor/Sknuitlor 

Figure 2-45 Monitor/Simulator System 


The monitor/simulator design and fabri- 
cation was done in parallel with the 
engine control work. The two systems 
were bench-checked together and then in- 
stalled in the engine test cell. The 
monitor/simulator has functioned without 
problem since its installation in 
mid-December. 

Because a design detail understanding of 
the engine control now resides at MTI, 
modifications to the control are more 
easily made. Those changes wil.l be re- 
quired initially to support the Mod 1-A. 
Several areas have also been identified 
for changes to control functions and se- 
quencing to improve engine performance. 
Eventually, the combustion control will 
be Integrated Into the engine control 
electronics package. 

COMBUSTION CONTROL 

The two objectives of combustion control 
development are: 

• complete the design and evaluation 
of a Mod I combustion control 
which improved the performance of 
the Bosch K-Jetronic system; and, 

• the design and operation of a com- 
bustion control for the Mod I -A. 

The two systems are different because of 
the fuel nozzles used - the Mod I has a 
single-stage, air-atomized nozzle, while 
the Mod I -A uses a two -stage, ■ 
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pEossuro-atomized nozzle » To improve 
combustion control performance, the now 
control was to provide control down to 
0.25 g/s fuel flow, and permit control of 
X to any prescribed schedule, Those fea- 
tures are included in both systems, 

Rig testing of the Mod I system (see Fig- 
ure 2-46) has boon completed, and the 
system has boon iustallod in the engine 
tost cell and operated with Mod I engine 
No. 10, Testing was limited to 
steady-state operation because of the 
tost coll engine control limitations. 
The results of that testing were 
positive, 



Figura 2-46 Mod ( Combustion Control Schamatlc 


The combustion control was successfully 
operated at fuel flows from 0,25 to 4.0 
g/s (minimum design flow to <-90% of maxi- 
mum flow). Testing demonstrated the 
functionality of the system, and pointed 
out some areas whore refinements were 
necessary, 

The combustion control operated with 
greater stability than the K-Jotronic at 
the 0.25 to 0,50 g/s flow range, as ob- 
served by the emissions equipment during 
Mod I engine testing at HTI. The low fu- 
el flow, exhaust gas o,xygcn/carbon 
dioxide concentrations exhibited a bet- 
tor control of X. 

The Mod I combustion control was removed 
from the test coll and sot up on the flow 
rigs for development of the Mod I -A sys- 
tem (see Figure 2-47), 

System development has been completed, 
and the hardware is ready to be operated 


with the engine system. Tasting with the 
engine is scheduled for the next avail- 
able engine tost. 



It 


Figure 2-47 Mod I -A Combuitlon Control 
Schamatlc 

The combustion control electronics are 
packaged in a development system that 
permits flexibility of control algorithm 
selection, and parameter modification 
ond display, That system is bulky, but a 
valuoble tool for the dovolopmont 
process , 

Objectives of combustion control devel- 
opment during the first half of 1983 aroi 

• evaluation with the engine; 

• transient testing in the TTB (in- 
cluding emissions); 

• integration with the engine con- 
trol; and, 

• the addition of ambient sensing. 

AUXILIARIES DEVELOPMENT 

A major effort in the area of auxiliaries 
development during this report period was 
initiation of a now blower design. This 
was done to address several problems on- 
couivterod with the current Mod I blower. 

Concern existed over the ability of the 
current blower to handle EGR flows at 
high combustor flows, ond problems with 
the blower drive bearings and belt at 
high operating speeds. With a new 
design, elimination of the need for the 
air throttle valve/variator was felt to 
bo possible. 
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Control of the combustion airflow will be 
done via a stepper motor, thus eliminat- 
ing the need for the air throttle 
valve/varlator and variator control, be- 
cause the blower flow Is no longer tied 
to engine speed, The blower design Is 
complete, and the hardware required to 
fabricate a prototype blower has been or- 
dered, The prototype will be used to 
test blower design and performance, and 
determine the control requirement. 

Another major effort In the area of aux- 
iliary development was the servo-oll sys- 
tem, which displayed an Inability to 
develop a design system pressure of 
400-600 psi at engine speeds up to 2000 
rpm. Analysis and testing of the 
components has resulted In the following: 

• pressure regulator had a steady- 
state leak rate of 0.58 gpm at 600 
psi; 

• system was configured to contin- 
uously pump against system pres- 
sure; and, 

• pump performance (speed/f low) ap- 
peared to be below specification. 

With the regulator set to 600 psi, the 
pump flow soon went to zero. 

Three areas were Identified for improving 
system performance - oil used, housing 
design, and pressure regulator system. 


Oil viscosity was increased by conversion 
from ATF to 10W40, The servo-oil pump 
housing was redesigned to reduce internal 
leakage by adding "shadow" parts and 
changing the inlet porting to reduce in- 
let velocity. The housing material was 
changed from aluminum to cast iron due to 
the influence of differential coeffi- 
cient of expansion. An unloading valve 
was adapted so that the system pumps 
against system pressure only when flow is 
required. 

Figure 2-48 shows the original servo-oil 
system; the redesigned system, incor- 
porating the new pressure regulation sys- 
tem (modified Citroen system) is shown in 
Figure 2-49. Testing of the component 
changes indicated that the unloading 
valve pressure regulator performed ade- 
quately to reduce power consumption and 
servo-oil heating (Figure 2-50). The 
pump housing modification did not, howev- 
er, make the anticipated improvements. 
Revised calculations for pump perform- 
ance indicated that the pump was under- 
sized for operation at low engine speeds , 
A new pump housing has been designed that 
accommodates a larger pump element within 
the same outside housing dimensions. (It 
was necessary to maintain the housing di- 
mensions because of the current mounting 
space available on the engine.) The pump 
housing and element for the larger pump 
have been ordered. Upon receipt, they 
will be bench-tested and then installed 
in the Lerma vehicle. 
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Figur# 2-48 Original Mod I S®rvo-Oll Supply 
System 


Figure 2-49 Redesigned Servo-Oil Supply System 
with Unloading Valve 
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Figure 2-50 Servo-Oil System Test 


LERMA VEHICLE INSTALLATION 

Tills task has been directed at supporting 
the testing program for the Lerma 
vehicle, and ensuring that the controls 
are functioning properly. 

Most of the electronic controls problems 
experienced have been corrected by fixing 
cable connections between the vehicle and 
the electronic control. An instrumenta- 
tion panel was installed, providing ac- 
cess to the engine control parameters if 
a recording device is needed. Those con- 
trol parameter signals are buffered so 
the external load will not influence the 
engine control operation. 



The cooling fan logic card was installed 
and calibrated. The cooling fan is off 
if coolant temperature is below 35®C, and 
on if the temperature is above 80°C, Be- 
tween those two temperatures, the fan is 
off if vehicle speed is above 20 mph (be- 
cause of ram air cooling) or when the 
accelerator is depressed more than 90%. 
CVS testing was run with the fan logic 
card in the control system. 

Lerma baseline testing showed emissions 
values to exceed those predicted. The 
K-Jetronic was found to be holding a 
richer air/fuel ratio than specified, and 
occasionally X would go beltJW 1.0 tran- 
siently. Adjustment of the K-Jetronic 
brought the X schedule to specification, 
resulting in an improvement in emissions 
to predicted levels. 
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III. MOD I STIRLING ENGINE 


During the second half of 1982, Mod I 
Stirling engine activity included test 
cell and TTB evaluation of engines No, I, 
2, 3, and 10, Total accumulated Mod I 
engine test hours for this semiannual re- 
port period are 1700* (includes 121,5 TTB 
hours) , 

Highlights for the last six months in- 
clude the completion of two milestones} 
1) TTB characterization of Mod I engine 
No, 1 in September, 1982 (this was the 
first transient characterization of a Mod 
I engine); and, 2) the characterization 
of Mod I engine No, 10 (significant be- 
cause this engine was manufactured for 
the most part in the United States), 
Previous engines evaluated were manufac- 
tured and first assembled at USAB. Other 
developmental work was directed at ac- 
quiring more information to aid in the 
upgraded Mod I engine program, Efforts 
to understand performance differences 
between engine EGR/CGR combustion sys- 
tems, and BSE/SES performance 
comparisons also took place. 

Mod I Engine No. 1 

In July, 1982, the TTB engine was con- 
verted from a CGR to an EGR combustion 



Mm 

Figure 3-1 ASE 4-123-01, Mod I Stirling Engine 
System Power 


system. Since this was a major config- 
uration change, and could result in per- 
formance changes, the engine was removed 
from the 1TB and Installed in MTl's en- 
gine test cell. A complete mop of engine 
performance was then generated with the 
EGR system (see Figures 3-1 and 3-2). 
With the new performance maps generated 
while the TTB engine was in the test 
cell, data could be used as input into 
vehicle performance programs, and tran- 
sient data for engine No. 1 could bo 
predicted. 

In September, 1982, the engine was rein- 
stalled in the TTB for completion of its 
baseline characterization, which con- 
sisted of CVS testing (3,750-lb, inertia 
Weight/ll . 1-hp road load setting) with 
gasoline. The data acquired, shown in 
Table 3-1, is cold-start data from an 
average of three runs on throe different 
days. Emissions in g/mi and urban, high- 
way, and combined mileages are also 
included in the table. 

Mod I engine No. 1 is currently installed 
in the TTB. Development efforts for the 
first half of 1983 will be directed 
toward improving transient engine system 
performance. 
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Figura 3-2 ASE 4-123-01, Mod I Stirling Engine 
System Efficiency 


*699 additional hours since last semiannual report period 
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TABLE 3-1 

LERMA TTB, CVS-CYCLE EMfSSIONS/MILEAGE 


Inertia Weight » 3850 lb 

Road Load »11,1 hp 

Fuel » Indolene 

Combustion System « EGR 
EGR Schedule » Fixed Sized Orifice 

, 23%EGR@1.0g/s 

Fuel Flow Input 



Urban 

<g/ml) 

Highway 

(g/ml) 

HC 

0.254 

0.004 

CO 

3.300 

0.310 

NO, 

0.900 

0.660 

mpg 

19.30 

32.10 

Combined 

mpg 

23.50 


8JI64I 


Mod I Engine No. 2 

Mod I engine No, 2 was characterized as 
an SES in October, 1982. The power and 
efficiency data from this test (shown in 
Figures 3-3 and 3-4) will be analyzed and 
compared to BSE data (obtained during the 
first half of 1982) in the Mod I Perform- 
ance Analysis Section of this semiannual 
report. 

Following BSE characterization, the en- 
gine's drive unit was replaced with an- ® 

other unit in which six reduced size ^ 

bearing journals had been incorporated. u 

As shown during motoring tests with the ,| 
reduced size unit, no difference in per- i| 

formance was noted on the engine when run uj 

with this unit, g 

’S) 

During the first half of 1983, Mod I en- 
gine No. 2 will be converted to a Mod I -A 
engine following oil pump/oil grade 
testing. 
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Figur* 3-3 ASE 4-123-02, Mod I Stirling Engine 
System Power 


Hydrogen Working Gas 
720*0 Heater Tube Temperature 
50*0 Oooling Water 



Speed (rpm) 

Figure 3-4 ASE 4-123-02, Mod 1 Stirling Engine 
System Efficiency 
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Mod I Engine No. 3 

Engine No, 3 was torn down and inspected 
during the early part of this semiannual 
report period following completion of its 
characterization testing at MTI. 

In August, 1982, Mod I engine Nc 3 was 
shipped to USAB, where it is currently 
being prepared to run a 2000 -hour endur- 
ance test (including 200 starts and 
stops) that is scheduled to begin early 
in J983. 

Mod I Engine No. 10 

U.S .A. -manufactured engine No, 10 was in- 
stalled in the MTI test cell in August, 
1982, and its characterization testing 
was completed in early November (power 
and efficiency data are plotted in Fig- 
ures 3-5 and 3-6) . 



Following the engine's characterijintion, 
checkouts were made of both the MTI Dig- 
ital Engine Control and Air/Fuel Control, 
which will be used on the Mod I -A engine 
in early 1983. Mod X engine No, 10 was 
also used to evaluate performance differ- 
ences between the EGR and CGR combustion 
systems* . 

The engine will be left in the test cell 
until mid-January, 1983, where 
evaluations will be made of knitted wire 
regenerators and an air-blast fuel nozzle 
(to be used on the Mod I-A engine), Upon 
completion of this testing, engine No. 10 
will be removed from the cell and con- 
verted to an upgraded* design. 


Figura 3-5 ASE 4-123-10, Mod 1 Stirling Engine 
System Power 
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720*0 Heater Head Temperature 
S0*C Cooling Water 
CGR Combustor 
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Figure 3-6 ASE 4-123-10, Mod I Stirling Engine 
System Efficiency 


*see the Performance Analysis Section of this report 
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Mod I Engin* Oporational History 

Mod I engine testing since the inception 
of the ASE Program was reviewed to deter- 
mine utilization rate, and identify prob- 
lem areas. Figure 3-7 is a chart of the 
utilization rate since the start of the 
Mor. 1 program. Included is the utiliza- 
tion rate achieved with ASE P-40-7 at MTI 
during 1981. It is noteworthy that the 
average utilization rate for the Mod I 
engine, oven during the first two years 
of operation, is 50% higher than that 
achieved on the P-40 engine, a much more 
mature engine. Mod I design changes 
focused on reliability have indeed de- 
creased engine downtime. 
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Figure 3*7 Mod I Monthly Utilizdtion Rote 


Quality Assurance Reports (QAK's) were 
reviewed to categorize engine failures or 
discrepancies, and identify problem 


areas. Since the objective of this ef- 
fort is to identify problems that affect 
engine operation, and also to provide a 
guide for engine development efforts, any 
evSiit that has: 

* caused an engine to stop running; 

* resulted in an engine not start- 

ing; or, 

* had a detrimental aitect on en- 

gine operation 

was classified as the occurance of a 
problem. Major individual items and the 
number of occurrences contributing to 
these problems are*: 


• control thermocouples 40 

• MOCKi power-control -valve 

actuator 17 

• heater head 8 

• engine check valves 6 

• 'nmbustion air blower 6 

• fuel nozzle 6 

• igniter 5 


ITie Mod I /Mod I -A development programs, 
and the KESD design address these items 
to either eliminate the problem areas or 
modify the design. 

Performance Analysis 

LERNA TFB MILEAGE 

Mileage obtained in the TTB is compared 
to that of previous Stirling-powered 
vehicles in Figure 3-8. A direct compar- 
ison of measured fuel economy is not val- 
id due to the vehicles' differences in 
test weights and power-to-welght ratios. 

Tlu? P-40 vehicles have been accordingly 
adjusted in Figure 3-8 to show perform- 
ance that would result at the same 
power-to-weight ratios and test weights. 
As adjusted. Mod I baseline testing 
represents a 50%/26% mileage Improvement 
over the P-40 Opel/Spirit vehicles, 
respect ively . 
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*This data is summarized by engine system in Section V of this report. 
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Figura 3-8 Vahid* Fuai Econoirty Comparison 


Figure 3-9 is a breakdown of the energy 
consumed during the urban/highway cycles 
for the Mod I Lerma system. As illus- 
trated, significant amounts of total 
engine energy use (30% urban/38% highway) 
are consumed by bottom-end engine fric- 
tion*, auxiliaries, and cold-start 
penalty. 

FINAL ACCEPTANCE TEST DATA REVIEW 

A review of final acceptance test data 
was completed for Mod I engines No. 2, 3, 
and 10 during this semiannual report 
period. A comparison of the performance 
of those engines relative to established 
criteria is presented in Table 3-2, 



HIGHWAY CYCLE 


B3ICU 

Figure 3-9 Larma Vahida Energy 
Consumption 


*drive unit, seals, rings 
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TABLE 3-2 
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MOD I ENGINES FINAL ACCEPTANCE TESTING 


Mod I Engine No, 2 BSE Final Acceptance Performance Comparison 


Paramttsr 

Condition 

(MPa/rpm) 

Minimum 

Actual 

Power kW (hp) 

15/1000 

15/2000 

15/3000 

15/4000 

19 (25) 
35 (47) 
47 (63) 
53 (71) 

20.12 (26.98) 
38.09 (51.08) 
51,56 (69.14) 
58.65 (78.65) 

Efficiency % 

15/1500 

5/2000 

35 

28 

37.27 

29.92 

Emissions 

Not Measured 



Mod I Engine No. 3 Partial SES Final Acceptance Performance Comparison 


Paramatar 

Condition 

(MPa/rpm) 

SES 

Minimum 
Partial SES 

Actual 

Power 

kW (hp) 

15/1000 

18 (24) 

18.62 (24.97) 

19.20 (25.75) 



15/2000 

33 (44) 

34.05 (45.66) 

36.90 (49.48)* 



15/3000 

44 (59) 

45.42 (60.91) 

49.85 (66.85)* 



15/4000 

50 (67) 

51.74 (69.38) 

56.70 (76.03) 

Efficiency 

% 

15/1500 

33 

HIIH 

34.55 



5/2000 

25 


28.92 

Emissions 

g/kg fuel 

■HOI 

< 

1.9 

ryj 0.2 




<16.0 

•y) 3.0 




< 2.9** 

•yi7.Q 



mmm 

< 

7.3*** 



♦NoEGR '**0.4g/ml ***1.0g/mi 


Mod I Engine No. 10 Final Acceptance Performance Comparison 


Paramatar 

Condition 

(MPa/rpm) 

SES 

Minimum 
Partial SES 

Actual 

Power kW (hp) 

15/1000 

15/2000 

15/3000 

15/4CQ0 

18 (24) 
33 (44) 
44 (59) 
50 (67) 

18.6 (24.9) 
34.1 (45.7) 
45.4 (60.9) 
51.7(69.3) 

20.4 (27.3) 
38.6 (51.8) 
51.2 (68.7) 
56.9 (76.3) 

Efficiency % 

15/1500 

5/2000 

33 

25 

34.10 

27.60 

35.68 

28.68 


831542 
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Engine No. 2 was tested as a BSE, while 
engines No. 3 and 10 were tested as com- 
plete SES's. Note that for all engines, 
the established criteria for power and 
efficiency were mot or exceeded at all 
conditions by all three engines. A total 
of four Mod I engines have been success- 
fully acceptance-tested to date in the 
ASE Program. 

MOD I ENGINE AUXILIARY POWER CONSUMPTION 

Engine testing was conducted to assess 
the total power consumed by the engine 
auxiliaries. Engine No. 2 was tested as 
both a BSE and an SES to determine auxil- 
iary power (the SES configuration in- 
cludes all engine auxiliaries driven by 
the engine, whereas the auxiliaries in 
the BSE are all remotely powered). 

Figure 3-10 shows the differences in mea- 
sured output power between the BSE and 
SES configurations compared to the summa- 
tion of power required for the individual 
auxiliaries as measured by component rig 
testing. Excellent agreement with rig 
testing was achieved, with a difforonco 
of ~0.7 kW (~0,94 hp) at maximum power, 



Figure 3-10 Mod I Engine Auxiliary Power 
(15 MPa) 


EGR/GGR ENGINE COMBUSTOR COMPARISONS 

Back-to-back tests wore conducted during 
this semiannual report period to evaluate 
the performance of the Mod I engine with 
two different combustors - KGR and CGR, 
EGR-combustor tests were run with and 
without the EGR activated. Testing re- 
sults indicated a slight improvoment in 
engine performance with the CGR system, 
The engine performance curves for net 
power and nfllGloncy are shown in Figures 
3-11 and 3-12, respectively. Lines drawn 
through the EGR (on and off) data clearly 
show the difference in performance when 
EGR is activated. A lino has not been 
drawn through the CGR data, but it is ev- 
ident that CGR porformaiico is equal to or 
better than the EGR (on) performance, 

The performance difference is attribut- 
able to the combination of combustion air 
blower pov\?or (a function of EHS pressure 
drop and combustion gas flow) and EHS 
efficiency (r|B), Combustion air blower 
power for the three cojiflguratJons is 
shown h\ Figure 3-13. Note that the CGR 
system has the highest blower power 
requirement due to the increased EllS 
pressure drop. EllS efficiency is de- 
picted in Figure 3-14. The CGR nB is 
equal to or higher than EGR-on bB, The 
blower power and nB difforonccss are 
small, and are in the direction to con- 
firm measured power and efficiency. 
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Engln# Spe«d (rprn x 10‘>) 

Figure 3-11 Mod I Engine No. 10 (15 MPa) 
Net Power Versus Spaed 
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Figur* 3-12 Mod I E-ngin* No. 10 (15 MPa) 
Nat Efficiancy Var»us Spaad 



Figura 3-13 Mod I Engina No. 10 (15 MPa) 
3towar Powar Consumption 



Figura 3-14 Mod I Engina No, 10 (15 MPa) 
EHS Efficiancy Vartua Spaad 


MOD I ENGINE PERFORMANCE COMPARISON 

Several different tests have been run on 
the four Mod I engines currently in the 
ASE Program. There are many configura- 
tional differences in the tests, as shown 
in Table 3-3. To facilitate an 
engine-to-engine comparison, performance 
levels were corrected to a common base 
configuration, as indicated in Table 3-3, 
When the correctioixs are applied to all 
data, good agreement is achieved on an 
engine-to-engine basis, with only a few 
exceptions. The power and efficiency 
comparison at maximum engine pressure is 
shown in Figures 3-15 and 3-16. On a 
power basis, engine No. 10 exhibits a 
higher power level than the other Mod I 
engines. The difference is thought to be 
primarily due to slightly different en- 
gine buildup (stainless -steel cylinder 
liners and perhaps a more carefully con- 
trolled build procedure). 

On an efficiency basis, the engines all 
agree within 2%, with the exception of 
engine No. 1, which was tested at USAB, 
Configurational differences (high AT 
with a CGR combustor, slightly different 
working gas drillings, and warped regen- 
erator spacer rings) are probable reasons 
for engine No, l”s different efficiency 
level. 
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TABLE 3-3 

MOD I ENGINE DATA COMPARISON CONFIGURATION SUMMARY 


Engine/ Test 

No. 1 
Final 
Accapl. 

No. 1 
Vahicle 

Base 

No. 2 
BSE 
Accept, 

No, 2 
SES 

No. 3 
Final 
Accept. 

No. to 
Final 
Accept. 

!i 

Locailon 








(Stsnd H2O Pump) 

USAB 

MTI 

USAB 

USAB 

MTI 

MTI 


HgO Pump Qearlng 

Lo-Speed 

Hi-Speed 


Lo-Speed 

Lo-Speed 

Hl-Speed 







iiiiiiil 


A 

1 

Hj Compreiior 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

!! 

j| 






IM 



Servo-OII/Alomlzlnc«Alr 

Yes 

No 

No 

Yes 

No 

No 



m 






it 

Combustor 

CQR 

EGR 

COR 

CQR 

EQR 

CQR 



ML 




LU 


t 

. f 

Alternator 

No Load 

Elecironica 

No All. 

Electronics 

Electronics 

Electronics 

' 

i 

mill n base 
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Figure 3-15 Mod I Engine Comparison 
(15 MPa) Corrected Power 


Figure 3-16 Mod I Engine Comparison 

(15 MPa) Corrected Efficiency 
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MOD l-A Dasign 

All designs for the Mod I-A engine brxld 
were completed during the latter half of 
1982. (Mod I-A goals and design concepts 
were presented in MTI Report No, 
82ASE278SA2. ) To facilitate early test- 
ing of the Mod I-A to characterize 
performance improvements, certain sub- 
systems of the initial Mod I-A engines 
will differ from the final Mod I-A 


design, as noted in Table 3-A. Perform- 
ance* projections for the Mod I-A have 
been updated, and are presented in Table 
3-5, 

Mod I-A Hardwara Status 

A schedule depicting the Mod I-A hardware 
status is presented in Figures 3-17 
through 3-23. 


TABLE 3-4 

MOD I-A INITIAL CONFIGURATION SUMMARY 


Sytlem 

Component 

Final 

Initial 

External Heat 
System 

Combustor 

Delavan CGR 

H2-A Has EGR 
Mod 1 Nozzle 

Hot Engine 
System 

Healer Head 


Inconel 625 

Cold Engine 
System 

Plston/Ventlng 

Lighter Piston 
Liner Venting 

Mod 1 

Seal Housing 

One Piece 

Mod 1 

Drive Unit 

Bearing System 

Rolling Element 

#2-A Has 
Reduced Size 
Journal-Type 

Controls 



Electronic 
Control Package 

Digital Electronic 
Control 

#2-A Has 
Mod 1 Control 


e]l!i44 

TABLE 3-5 

MOD I-A PERFORMANCE PROJECT I ON/mAJO'R IMPROVEMENT AREAS 


OpwaUng CondHIon 

Parameter 

Mod I-A 

^ fromModl 

ISMPk 
4000 rpm 
(MaKimuiT) Power) 

Net Power 
Net ENIclency 

60.26 kvr 
20.0% 

+10,2 kW 
+2.7 pt 

IS MPa 
1500 rpm 

(Maximum EHIciency) 

Net Ediciency 

40,76% 

+3,07 pt 

5 MPa 
2000 rpm 

(Average Operalittg Point) 

Net Power 
Net EHIciency 

12,57 kW 
33.04% 

+2.43 kW 
+4.B5 pt 


Specific Weight 
kg/kW 
Ib/hp 

4.4 

7.3 

-24% 


Change 

T^Matlntuffl Net Power 

AMexkiMMi Net tf 

Increeied Set Temperature 
(720* -* B20*C) 

+7 

+1.0% pt 

Pert Power OpUmliatlon 

. -2 

+1.0% pi 

Decreeaed Friction Lottes 

-1.2 

+0,7% pt 

Elimination of Atomizer Air 
Comprettor 

+0.5 

♦0,3% pt 
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Figure 3*19 Mod l*A Hardware Procurement - Hot Engine System (Cont'd) 



Figure 3-21 Mod l-A Hardware Procurement * Engine Drive System 
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Figure 3-23 Mod l-A Hardware Procurement - Basic Stirling Engine/Stirilng Engine System 
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IV. REFERENCE ENGINE SYSTEM DESIGN (RESD) 


RESD Design Update 

The previous semiannual report (MTI Re- 
port No. 82ASE278SA2) reviewed concepts 
that were studied for a 45 -kW (60-hp) 
automotive Stirling engine, and pre- 
sented in some detail the U-4/V-4 hydro- 
gen engines selected as prime RESD 
configurations , 

During this semiannual report period, 
further refinements of the design were 
made, and documentation was initiated to 
produce a finalized engine design. Spe- 
cifically, these changes included the 
following; 

1) Simplified Power-Control System - 
The current mean pressure control 
system utilizes a linearly- 
operated valve to control hydro- 
gen flow to and from the engine, 
The valve and actuator are rela- 
tively costly, and require a 
high-pressure oil system for 
servo activation. For the RESD, 
alternate control schemes are 
being configured to eliminate the 
current control valve, They in- 
clude a rotary-distributor valve 
that, in conjunction with a 
rotary-control valve driven by an 
electric stepper motor, would 
eliminate the present control 
valve and several hydrogen system 
check valves. A direct pressure- 
control system utilizes a special 
simple, pressure-regulating valve 
in place of the power-control 
valve, and a modification of the 


rotary-control valve, which again 
replaces the power-control valve. 
All considered systems are less 
costly and simpler, which should 
provide improved engine opera- 
tional reliability, 


2) Extruded-Aluminum Gas Cooler - 
Further refinement of the gas 
cooler design has resulted in a 
design that utilizes a finned, 
aluminum cylindrical piece to re- 
place the existing tubular cooler 
design. This concept (shown in 
Figure 4-1) is readily manufac- 
turable, loss expensive, and more 
reliable than the tube-typo 
design. 

3) Ceramic Preheater Design - This 
design is currently being uti- 
lized in rig tests, Preliminary 
development work on a ceramic 
heat -exchanger test section has 
Indicated the feasibility of 
utilizing ceramic for this appli- 
cation. Consequently, the 
updated design uses ceramic in a 
polygonal-designed preheater with 
ten ceramic blocks that are rec- 
tangularly shaped for lower cost. 
Reduced maintenance and repair 
costs are attainable due to the 
capability of replacing a single 
block rather than the entire pre- 
heater should a localized problem 
arise. The latest V-4 version of 
the RESD is shown in Figure 4-2, 


ORIGINAL 
OF POOR 


quality 




V, ENGINE OPERATING HISTORY 


Quality Afsuranc# Overvlaw 

Below Is the statub of the Quality Assur- 
ance Reports for this report period t 


Total QAR's Issued 118 
MTI QAR's Issued 92 
USAB QAR's Issued 26 
Total QAR's in Program to Date 366 
Closeout Meeting 82-3 ClO/S/82) 77 
Open QAR's as of 12/31/82 68 


Table 5-1 is a summary of operating times 
and mean time between failures for all 
ASE Program engines ns of December 31, 
1982. The primary usage of each engine 
is : 

• 40-4 - Kigh-Tomperoture C820°G) 
Endurance Testing at USAB; 

• 40-12 - Vehicle Demonstrations at 
MTI 5 


An analysis of QAR's Issued to date for 
Mod I engines showed the following 
trends ; 

Description Occurrences 


• Mod I Mo. 1 - Transient Test Bod at 
MTI} 

• Mod I No. 2 - Dynamometer Testing 
at USAB} 


CGR Combustor 3 
Igniter 5 
Fuel Nozzle 6 
Preheater 3 
Heater Head 8 
Flame Shield 4 
Oil Pump 3 
PL Seal 4 
Valcor Dump Valve 5 
MOOG Valve (Block ^/l) 17 
Check Valves 6 
Combustion Air Blower 6 
Atomizing Air Compressor 4 
Starter 3 



Mod I Failuras and Diacrapancias Through 


Dacambar, 1982 Affacting Engina Oparation 


• Mod I No. 3 - Dynamometer Testing 
at MTI} and, 

• Mod I No. 10 - Dynamometer testing 
at MTI . 

TABU 5-1 

SUMMARY OF MEAN OPERATING TIMES AND MEAN TIME 
BETWEEN FAILURES FOR ALL ASE PROGRAM ENGINES 


ASE Engine 

Operation 
Time * 

Mean Oparallng 
Tima Balwaan 
Failure! 

40-4 (USAB) 

8717.00 

122.80 

40-12 (MTI/Concord) 

203,30 

14.60 

Mod 1 No. 1 (MTI) 

644.20 

64.40 

Mod 1 No. 2 (USAB) 

527,90 

87,90 

Mod 1 No. 3 (MTI) 

299.90 

299.90 

Mod 1 No. 10 (MTI) 

22M0 

— j 

32,60 


*Ti(no pilor to uccoplunco toulino lo prusunl 
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VI. FACILITIES 
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'Below is a summary of the major facili- 
ties activities c rxomplished during the 
latter half of 19b2: 

• the Lister Engine regenerator du- 
rability testing is operational 
and currently in use; 

• the Preheater Test Rig was built 
and activated (it is currently be- 


ing used to evaluate ceramic per- 
heaters) ; 

• DAS hookup of the Combustion Per- 
formance Rig is complete; and, 

• numerous smaller Improvements to 
facilities have been made, as well 
as general upkeep of existing fa- 
cilities . 


6-1 




APPENDIX - TERMS AND 

DEFINITIONS 

Symbol/Term 

Definition 

Symbol/Term 

A1 

Aluminum 

Mod I 

AMG 

AM General 

Mod I -A 

AOP 

Average Operating Point 

ASE 

Automotive Stirling Engine 

Mod I-B 

B 

Boron 

BOM 

Bill-of -Materials 

MTI 

BSE 

Basic Stirling Engine 

C 

carbon 

MPa 

‘’C 

degrees Celcius 

Cb 

columbium 

MQ 

CES 

Cold Engine System 

N 

CGR 

combustion gas 
recirculation 

NASA 

Co 

cobalt 

Ni 

CO 

carbon monoxide 

NOx 

CO 9 

carbon dioxide 

NTU 

Or^ 

chromium 

PL Seal 

CRU 

Communications Register Unit 

P max 1 

CVS 

constant volume sample 

^mean ) 

DAS 

Data Acquisition System 

^min J 

DC 

direct current 

psi 

DOE 

Department of Energy 

psig 

EDS 

Engine Drive System 

PTFE 

EGR 

Exhaust Gas Recirculation 

EHS 

External Heat System 

P-V 

EHSTR 

External Heat System 

QAR 


Transient Response Code 

RESD 

°F 

degrees Fahrenheit 

RFD 

Fe 

iron 

ftp 

foot 

rpm 

ft 2 

square foot 

s 

ff^ 

cubic foot 

SES 

FY 

fiscal year 

Si 

g/mi 

grams per mile 

S/N 

g/s 

grams per second 

SS 

HC 

hydrocarbon 

Ta 

HES 

Hot Engine Sytsem 

TTB 

hp 

hor? ''power 

USAB 

HTP-40 

High ‘‘Temperature P-40 

VE 


Engine 

Hz 

hertz 

W 

in 

inch 


kg 

kilogram 

X 

ksi 

thousand pounds per 



square inch 


kW 

kilowatt 

f] 

lbs 

pounds 

At 

LRFD 

Lightweight Reduced 

AWt. 


Friction Drive 

APower 

m 

meter 

a-I 

mi 

mile 

a-II 

mm 

millimeter 

d/min 

Mn 

manganese 


Mo 

molybdenum 
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Definition 

first-generation auto- 
motive Stirling engine 
first upgraded Mod I 
engine design 
second upgraded Mod I 
engine design 
Mechanical Technology 
Incorporated 
megapascals 
material quote 
nitrogen 

National Aeronautics and 
Space Administration 
nickel 

oxides of nitrogen 
number of transfer units 
Pumping Leningrader Seal 

working gas pressures 

pounds per square inch 
pounds per square inch 
gauge 

polytetraf louroethylene 
pressure -volume 
Quality Assurance Report 
Reference Engine System 
Design 

Reduced Friction Drive 
revolutions per minute 
second 

Stirling Engine System 
silicon 
serial number 
Stainless Steel 
tantalum 

Transient Test Bed 
United Stirling of 
Sweden 

Value Engineering 
tungsten 

air/fuel 

air/fuelgj-Q 

efficiency 

efficiency difference 
weight difference 
power difference 
alpha engine I 
alpha engine II 
liters per minute 


